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A series of ten crystalline adducts of hexamethylenetetramine (HMT), 
(CH2)6N4, with hexacyanoferrates and metal pseudohalides were prepared and their 
three-dimensional supramolecular framework structures have been characterized by 
single crystal X-Ray analysis. The hexacyanoferrate complexes are based on a packing 
of three molecular components: neutral and/or protonated HMT, hexacyanoferrate, 
and an alkali metal ion-water cluster, through coordination and stabilized by hydrogen 
bonding between water molecules and noncoordinated N atoms of HMT and 
hexacyanoferrate. In the pseudohalide complexes, one-dimensional polymeric zigzag 
chains are interlinked to generate two-dimensional infinite layers, which are then 
expanded to a three-dimensional network through hydrogen bonding involving solvent 
molecules and non-ligating N atoms ofHMT. The HMT molecule plays an important 
role in the formation of the three-dimensional structure in view of its versatile N-
ligating geometries to metal ions, as well as the capability of forming donor-hydrogen 
bonds with other acceptor species in the crystal lattice, serving not only as a basic 
building unit but also a principal contributor to stabilize the resulting supramolecular 
framework. In our research studies, all HMT molecules, except the protonated HMT 
in compound 3，make full use of all four N atoms in either coordination or donor 
hydrogen bonding interactions in five basic patterns (see Figure 45，p. 74). 
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Chapter 1: Introduction 
1. SupramolecuIar chemistry 
Molecular chemistry, based on covalent bonds, is concerned with uncovering 
and mastering the rules that govern the synthesis, structures, properties, transformation 
and application ofmolecular species. Beyond that lies supramolecular chemistry that is 
based on non-covalent molecular interactions. Supramolecular chemistry, which has 
been defined as “ chemistry beyond the molecules", covers the structures and functions 
of organized systems of high complexity that result from the association of two or 
more chemical species held together by intermolecular forces. The relationship of 
supermolecules to molecules and intermolecular bonds is analogous to that of 
molecules to atoms and covalent bonds (Figure 1). ~^^ ^ 
Chemistry 
Molecular Supramolecular Polymolecular 
A B / Organized 
\ ^ Synthesis . Assemblies 
y Receptor | 
y ^ ^ ^ ^ Covalent k Recognition 乂 
C Y Bonds Y v ^ Complexation . Molecular and 
. b X ^ Supermolecule 卜 Transformation . = > Supramolecular 
/ = : � l e c u l a r ‘ Devices 1 Translocation Substrate | 
Figure 1 From molecular to supramolecular chemistry: molecules, supermolecules, 
molecular and supramolecular devices?’ 斗，^ 
In contrast to molecular chemistry, which is predominantly based on the 
covalent bonding of atoms，supramolecular chemistry is based on intermolecular 
interactions, i.e. on the association of two or more building blocks, which are held 
together by intermolecular bonds. Intermolecular (supramolecular) interactions are the 
foundation for highly specific biological processes, such as the substrate binding by 
enzymes or receptors, the formation of protein complexes, the intercalation complexes 
\ 
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of nucleic acids, the decoding of the genetic code, neurotransmission processes and 
cellular recognition (immunology)." 
Although the term "tbermolekule", i.e. supermolecule, was introduced as early 
as the mid-1930s to describe entities of higher organization resulting from the 
association of coordinately saturated species/^^^^ supramolecular chemistry was 
established only over the last 25 years. Research and development on a molecular 
level has yielded substantial progress in many facets of supramolecular chemistry, as 
highlighted by the award of the 1987 Nobel Prize.^' ^ '謎 A natural consequence of 
this is today's endeavor by chemists to explore more complex systems and interactions. 
Representative examples are the developments in such areas as crown ethers and 
cryptands, the self-assembly of molecules (e.g. membranes and micelles), 
macropolycyclic and host-guest chemistry, the study of active centers of 
metalloenzymes (bioorganic chemistry), electronic systems at the molecular level, 
organic superconductors, and supramolecular effects in photochemistry and 
electrochemistry.i，3’3o，34，35 
This relatively young field of research has been defined, conceptualized, and 
structured into a coherent system. Its root extends into organic chemistry and the 
synthetic procedures for receptor construction, into coordination chemistry and metal-
ion-ligand complexes, into physical chemistry and the experimental and theoretical 
studies of interactions, and into biochemistry and the biological processes that all start 
with substrate binding and recognition. A major feature is the range of perspectives 
offered by the cross fertilization of supramolecular chemical research due to its 
location at the intersection of chemistry, biology, and physics. Such wide horizons 
offer a challenge and a stimulus to the creative imagination of the chemist.^ 
Supramolecular chemistry is closely related to bioorganic and bioinorganic chemistry. 
Biologically, the most important type of reaction is the selective aggregation of natural 
products to form molecular complexes and membranes. Cell formation, catalysis in 
enzyme-co-enzyme-substrate complexes, photochemical charge separation in 
organized redox chains, and interactions of hormones and drugs with biological 
receptors ensue, in a first approximation, from selective weak interactions between 
natural products. Because bioorganic chemistry is about understanding and mastering 
2 
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these processes, one finds that analysis, synthesis and reactions of molecular 
aggregates (supramolecular chemistry) have become possibly its most important 
tOpiCS.14，41 
As we know, molecules are made up of atoms bound by strong covalent and 
other bonds and can be described unambiguously in stereochemical terms such as 
constitution, configuration and conformation. Supramolecular structures may be 
formed by the aggregation of such molecules. The ‘molecular subunits' can be 
prepared selectively by a large number of reactions and characterized by physico-
chemical properties and criteria (melting point, boiling point, chemical behavior, redox 
potential, polarity, polarizability, spin status, position of HOMO and LUMO orbitals, 
color, chirality-optical activity), and by dynamic parameters (vibrational states, half-life 
of excited states, etc.). Molecular interactions are the basis of the highly specific 
processes that occur in biological systems and result in the construction of enormously 
complex hierarchies of structures and superstructures such as cell membranes, muscles 
and nervefibers.i’4，i4，34，35 
Moreover, extended molecular interactions are highly important in catalysis, 
separation processes, control of energy flow, electrochemistry, and magnetic and 
optical effects. Dramatic advances in the area of molecular synthetic chemistry such as 
organic chemistry or organometallics have led to a high level of control over molecular 
interactions. This becomes particularly clear in the field of molecular recognition 
where complexation, association and catalysis of organic and organometallic molecules 
can be fine-tuned almost as precisely as in biological systems, using creative 
combinations of ionic, hydrogen bonding, and other non-covalent interactions. 
Representative systems include cavitands containing assemblies of aromatic rings, and 
cryptands and spherands with multiple ligation sites for anions and cations. Organic 
molecular systems have probably been developed to the greatest extent. It is now 
possible to construct elaborate hierarchical molecules such as starburst dentrimers, and 
hyperbranched polymers, assemblies promoting non-covalent molecular association 
such as "molecular shuttles" or cyclophanes/aromatic complexes, and cyclodextrins 
that control access and orientation of reactants. Multiple hydrogen bonding for 
recognition and catalysis in organized systems is being used in elegant di- and multi-
3 
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acid structures, and in nucleotide receptors. ^ ' ^^ ^^ ^ 
Many ofthe structures contain “inorganic，’ as well as "organic，，components; an 
indication that the desired systems often require a non-traditional approach for their 
synthesis. Although much of the work may be motivated by very different goals, the 
common challenge is the synthetic control of chemical interactions at the 
supramolecular level. Efforts are underway at different levels of dimensionality, from 
two-dimensional assemblies on surfaces, to layered materials, and finally complex 
three-dimensional structures, either crystalline or amorphous. A classification of the 
most important types of molecular building blocks for 'molecular materials' is 
undertaken; the examples come from areas such as inorganic, organic, metalloorganic 
and organometallic chemistry, and the corresponding organization parameters are 
shown in F igu re2 . ' ' ' ' ' ' ' ' ' ' ' 
ESfORGANIC: Organizational parameters 
Q — Type of order 
^^=-4^^ U ^ J ^ ^ ^ ^ 2 ^ — Strength and anisotropy of interactions 
u o K 7 % ^ ^ ^ 4 ^ ^ ^ between subunits 
/ f \ J 3 ^ ^ y ^ — Symmetryofpacking 
4 ^ " " " ^ \ ^ ^ ^ ^ ^ ^ \ — Intermolecular vibrations 
I 
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ORGANIC: Organizational parameters 
y ^ I — Symmetry of molecules 
^^J[^^^t^ ( ^^^^s^/^N/N^^ — Polarizablity of a molecule's backbone 
/ v k J — Type, number and polarity of substituents 
^ / ^ / " " ^ ^ _ Degree of flexibility of submolecular 
r^ ^Si^  r T ^ 
y y I M z ^ Y ^ / ^ components 
( / P ^ ^ — Hydrophilic and hydrophobic properties 
METALLOORGANIC: Organizational parameters 
^^~-^« j.<-^"^«^ — Strength of the covalent part of the bond 
"^"""""<^ 2lJ^ r**""^  ^^^%^_y'^^''^ between the metal ion and the coordination 
^ ^ ; > _ N � ^ N """^( atoms of the ligand 
^ ^ 1 1 ^ ^ " " ^ ^ ' ^ ^ ^ ' * V _ ^ 一 Electrostatic forces 
^——^^ y V — Oxidation state of the metal, usually high 
< _ ^ � � M z � - - V _ > 
\ I, z \ N = ^ — Charge density 
^ ^ — Weak polarizability of the metal ion 
ORGANOMETALLIC: Organizational parameters 
j p — , ^ ^ ？ — Strong covalent bonding 
y ^ " " " ^ ‘ ^ _ ^ ^ j ^ ^ — Low oxidation state of the metal ion 
c x . ^ ^ ^f c>-«o . . J^^ 一 High polarizability of the metal ion 
o^^^^^"^^^^^"^ I — d-d; d-f\f'f orbital interactions 
Figure 2 Molecular building blocks and organizational parameters for the 
corresponding "molecular materials"^^' ^ '^ ^^ ' ^ ^ 
f 
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Accordingly, the main types of molecular building blocks that can be used for 
the building of'molecular materials，are as f o l l o w s : " 
• polymolybdate and polytungstate units, or the yf^ -cage shown in Figure 3 (in 
inorganic chemistry); 
• the steroid skeleton, linear and branched hydrocarbon chains, polymers, aromatic 
systems, adamantane (in organic chemistry); 
• metallophthalocyanine, bis(salicylidene)ethylenediamine complexes (in 
metalloorganic chemistry); 
• transition metal haptocomplexes such as [(77^-C5H5)Fe(CO)4] or [Pt9(CO)9(//-
CO)9]2- (in organometallic chemistry). 
⑩ 穆 
y0^Cage Faujasite 
Figure 3 Transition from the >9-cage building block to the structure of faujasite.^^~^^ 
The criteria for the organization of different types of compounds give rise to 
three separate forms of condensation into the solid state:^^ 
• The single crystal with its three-dimensional periodic arrangement of atoms, ions 
and molecules; 
• the polycrystalline form, where smaller single crystals are ordered in relation to 
each other; 
• the amorphous state, where the positions ofbasic building blocks correlate only in 
small areas. 
6 
Chapter 1: Introduction Xue Feng, J 996 
Above all, it is the solid state of organic matter that has been intensively 
investigated. The formation of an intermolecular bond is a chemical process. The 
formation of an intermolecular bond in a crystal is governed by the same forces that 
govem such bonds in solution or in other less ordered phases. However, in a crystal 
‘all intermolecular interactions must conform to the laws of crystallography, which can 
be expressed in terms of symmetry relationships and group theory/^' ^^  
To demonstrate how symmetry principles can be used in the design of 
molecular crystals, four fundamental supramolecular structures, as found in molecular 
crystals, must be defined (Table 1). It has been demonstrated that the chemical 
principles governing intermolecular hydrogen bonds can be combined with a rigorous 
symmetry analysis to design and predict specific crystal structures.^^ 
Table 1 Four fundamental supramolecular structures.^? 
Structure type Translations Group symmetry 
discrete assembly no translations point group symmetry 
a-network translations in one direction rod group symmetry 
y0^network translations in two directions layer group symmetry 
pnetwork translations in three directions space group symmetry 
A discrete assembly is a supramolecular complex that lacks translational 
symmetry. The assembly must be finite and will generally contain only a small number 
of molecules. A discrete assembly may be symmetric or asymmetric, and it may be 
composed of like molecules or of unlike molecules/^ � 5 o Figure 4 shows two 
examples of discrete assemblies. 
7 
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m . . . . . . " - ½ > f ^ W ^ 
^ ^ O—H……-0 ^ ~ ^ CH3/ \ \ / / CH3 
h '0 0 � H \ o ^ ^ o Z 
Figure 4 Examples of discrete assemblies. On the left is a centrosymmetric dimer;^^ 
while on the right is a asymmetric host-guest complex. 
Usually molecules form supramolecular structures that possess translational 
symmetry. These structures are networks and contain a theoretically infinite number of 
molecules. The simplest networks are one-dimensional a-networks with one degree of 
translational symmetry." Hydrogen-bonded a-networks are common structural 
features. They may be composed of single molecules such as an a-network of 
secondary amides (Figure 5a)，or they may be composed of translationally related 
discrete assemblies such as an a-network of primary amide dimers (Figure 5b)/^' ^^ ~^^ 
A supramolecular structure with two degrees of translational symmetry is a p-
network. A two-dimensional >9-network may contain, but is not required to contain, 
substructures that are classifiable independently as a-network or as discrete 
assemblies.47，“ Figure 5c shows an example of a >^network of primary diamides. 
Properly designed，a yf^network supramolecular structure can naturally lead to a 
• 53 55 layered molecular solid. ~ 
8 
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Figure 5 (a) Example of a-network with rod group symmetry;" (b) a-network of 
primary amide contain inversion centers and have P 1 rod group 
symmetry;54 (c) example of ^network formed by hydrogen bonding pattern 
for primary diamides.^^ 
The fourth and final type of supramolecular structure has three degrees of 
translational symmetry and is termed a ^network)?，“ A ^network will fill three-
dimensional space, and in many cases, an entire crystal structure is defined by on y-
network. A 厂-network may contain a-networks and/or y^networks as substructures. 
Accordingly, the different basic building blocks can be described by a total of 
32 point groups. Each point group consists of a set of specific symmetry operations, 
which can be applied to a given building block. If these building blocks form a three-
dimensional solid phase, it will be described by one of 230 space groups. Interestingly, 
about 75% of ca. the 30000 organic compounds that have been investigated belong to 
only five of these space groups (Table 2)^ '^ ^ '^ ^^ ' ^^  
I 
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Table 2 Some common space groups and the equivalent positions ofobjects in them. 
Space group Crystal system Equivalent positions 
尸了 Triclinic x, y, z; -x, -y, -z 
P2i Monoclinic x, y, z; -x, V2+y, -z 
P2i/c Monoclinic x, y, z; -x, -y, -z; -x, V2+y, V2-z; x, V2-y, V2^z 
C2/c Monoclinic x, y, z; -x, -y, -z; -x, y, V2-z; x, -y, V2+z;外+x, V2+y, z; 
Vrx, 'Ay, 'z; 'Ax, V2\-y, V^z; V2^x, Vry, V^z 
P2ih2i Orthorhombic x, y, z; V2-x, -y, V2+z; V2+x, V2-y, -z; -x’ V2+y, V2-z 
2. Infinite multi-dimensional architecture 
The properties of materials depend critically upon both the chemical nature of 
the component molecules and their relationship with respect to each other in the 
condensed phase. Therefore, the preparation of new materials must be concerned with 
the problems ofboth molecular and supramolecular synthesis. Molecular synthesis has 
historically been a major focus of chemistry, and considerable progress has been made 
in the directed synthesis of complex molecules. However, supramolecular synthesis, or 
the control of molecular orientation in the condensed phase, is an extremely difficult 
problem and presents one of the greatest obstacles to the preparation of new 
materials.47 Solid state materials, especially single crystals, as characterized by a three-
dimensional periodical arrangement of atoms, ions or molecules, have been intensively 
investigated. 
Three-dimensional ordered infinite frameworks can be constructed from simple 
prototypes, using imaginative combination of metal coordination with certain 
geometries and rod-like or plate-like building blocks. The structural prototypes 
provide a whole family of related frameworks, in which each atom of the parent net 
can be replaces by a stereochemically appropriate molecular building block and each 
bond of the parent is replaced by an appropriate connection. The infinite framework is 
10 
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formed by self-assembly that occur spontaneously with the reaction of mixtures 
containing ftinctionalized building blocks and connecting units. In ideal cases one 
could imagine that reaction systems having no option but to condense into the intended 
infinite nets. This versatile approach leads to a large variety of fascinating structures 
<^ _^^^^ 7^ with channels, cavities and interpenetrating networks. 
Examination of models and consideration of the sorts of molecular building 
blocks that might be used for framework construction leads to the realization that, for 
many simple nets, if the connecting units have an element of rod-like rigidity they need 
have only modest length (by normal molecular standards) to provide structures with 
relatively large cavities, windows and channels. As a consequence, these materials may 
have interesting and useful properties with applications in areas such as ion exchange, 
molecular sieves and zeolite-like catalysis. Appropriate functionalization of the 
components, either before framework construction or afterwards, may make possible 
the synthesis of a range of permeable solid catalysts each tailor-made for a particular 
chemical transformation. Compared with zeolites these frameworks in principle offer 
bigger channels, more facile and more widely variable functionalization for the 
introduction of catalytic sites and better substrate access to those sites.^^ 
An important aspect of these frameworks is their tendency to yield remarkable 
structures in which two or more entirely independent giant molecules are intimately 
entangled, but in an ordered fashion. In such cases the channels and cavities generated 
by one framework are very neatly filled by the others. A few interpenetrating networks 
have been recognized for many years. The discovery of the first example, Cu2O, 
consisting of two independent, interpenetrating diamond-like nets dates back to the 
very early days of structural analysis.^^ Most known cases of interpenetration involve 
varying numbers of diamond-related nets, e.g., two independent nets, three nets, five 
^ 1 . . 68-74 nets and six nets. 
4，4，，4，，，4”，-tetrasubstiuted tetraphenylmethanes and 1,3,5,7-tetrasubstituted 
adamantanes are natural choices as building blocks for the construction of diamond-
related frameworks, and a number of general approaches have been considered,® 
Replacement of the acetonitrile ligands in Cu^(CH3CN)4" by 4，4,，4”，4，，，-
11 
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tetracyanotetraphenylmethane led to the assembly of a diamond-like array.^^ Parts of 
the structure of the positively charged framework is represented in Figure 6, which 
highlights an adamantane-like unit, a fundamental structural component (Figure 7) of 
the diamond net. The structure consists of alternating tetrahedral C and Cu^  centers, 
inter-connected by C-CeHt-CN-Cu rods with 8.856(2) Ain length. The figure gives a 
visual impression of the large relative size of the intraframework space which accounts 
for large amounts of fluid nitrobenzene (at least 7.7 C6H5NO2 per Cu) together with 
mobile BF4" ions. 
丄 
^ = = = f ^ ^ ^ " ^ ^ t " " " ^ " " ^ ^ 
T _ r h 
T J 姻^^^^^^ 
^ • ^ f ^ " " = " " ^ 
Figure 6 Framework structure of Cu(4, 4，，4”，4‘"-tetracyanotetraphenylmethane)* 
BF4 • C6H5NO2, highlighting an adamantane-like unit.^^ 
I 
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扇 . < ^ 
Figure 7 (a) An adamantane-like component of the diamond net showing one of the 
2-fold axes, (b) view of adamantane unit slightly offset from the 2-fold 
• 60 axis. 
Examples of frameworks constructed from tetrahedral metal centers linked 
together by linear cyanide bridges are provided by the isomorphous structures of 
Zn(CN)2 and Cd(CN)2, which consist of two entirely independent but interpenetrating 
diamond-like frameworks.^^' ^^  The crystal symmetry is such that the MCNM rods are 
exactly linear and the metal centers precisely tetrahedral. The cubic unit cell shown in 
Figure 8a (for the particular case of Zn(CN)2) is unusual in that apparently 
"unattached" metal centers are found at alternate corners. This unit cell implies the 
presence of two interpenetrating but completely independent diamond-like 
frameworks, the “unattached’，metal centers of each unit cell belonging to the second 
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画 画 
a b 
Figure 8 (a) Unit cell of Zn(CN)2; (b) representation of two independent 
interpenetrating diamond-related frameworks.^^' ^^  
Every cyanide unit in the crystal projects through the middle of a cyclohexane-
like window of the other framework, and at the center of every adamantane cavity of 
one framework is found a metal center of the second framework. Catenanes, which 
are single molecules consisting of independent rings interlocking like links in a chain, 
have attracted much attention.^^' ^^ '乃’冗 The structures of Zn(CN)2 and Cd(CN)2 
reveal multiple catenane associations between six-membered rings of independent 
frameworks repeated in three dimensions (Figure 9b).^ '^ ^ ^ ® ^ft] 
阳 C z r ^ 
a b 
Figure 9 (a) View of interpenetrating adamantane units in Zn(CN)2 and Cd(CN)2; (b) 
/ view of Zn(CN)2 and Cd(CN)2 structures revealing multiple catenane 
associations. 
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Three-dimensional frameworks constructed of [Cd(CN)2]n and its analogs have 
large cavities or channels for accommodating organic guest molecules, a number of 
polycyanopolycadmate [Cd;c(CN)^]^"^ structures have been reported as novel host 
materials ofinclusion systems.58~^ 7，77~89 ^ o n g which the simplest in composition and 
structure is the single framework of Cd(CN)2, this host gives a series of clathrate 
compounds Cd(CN)2*G with various oligoatomic guest molecules G^ '^ ^^  (Figure 10). 
_ • 
a b 
Figure 10 Clathrate compounds of Cd(CN)2 and related hosts with organic guest 
molecules, (a) Cd(CN)2 • CMe4; (b) [CuZn(CN)4] • CCl4. 
3. Chemistry of pseudohalides 
Building new supramolecular frameworks with desired structures and 
properties poses a big challenge in chemistry. Extended three-dimensional framework 
structures consisting of rodlike units or other simple prototypes that linked together in 
various ways may provide a new class of solids combining fundamental structural 
interest with potential useful properties/"^ ，^^ ' ^^ ' ^^ ' ^^  Pseudo-halides, charactered as 
polyatomic rodlike, high symmetry and variant coordination tendency, are obviously 
15 
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good choice for the work.^^ Almost the simplest imaginable examples of this type are 
extended cyano-metal structures consisting of interlinked MCNM rods. Prussian blue 
and related compounds have simple cubic arrangements of metal centers octahedrally 
surrounded by six cyanides, each of which forms a linear /i2-bridge to another metal 
center. Simple cyano-metal systems appear to have considerable value for studies of 
the scope for controlling the self-assembly of chosen components to yield desired 
three-dimensional frameworks,6' 58，59，61，63 八 large number of three-dimensional 
frameworks or extended coordination polymeric structures constructed of metal-
pseudo-halides complexes are reported.5"7’77�89，9i~io6 
The term "pseudohalogen" refers to the molecular halogen-like oxidation 
products of pseudo-halides，9o，io7~iio while "pseudo-halide ion，，refers to the polyatomic 
anions whose most important representatives are: azide Q^3'), cyanide (CN"), fulminate 
(CNO"), cyanate psfCO"), thiocyanate psfCS"), selenocyanate O^CSe"), dicyanamide 
O^(CN)2') and tricyanomethanide (C(CN)3'). These anions have noticeable similarity 
to halides regarding their structural characteristics as well as physical and chemical 
properdes.iii In covalent derivatives of ambivalent pseudo-halides, generally the bond 
type is indicated by the name. Therefore, derivatives of the cyanates having N-
coordinated bond type M-NCX (X=0, S or Se) are called "isocyanates" (isothio-, 
isoselenocyanates), while the term "cyanate" (thio-, selenocyanate), which is also used 
in a wider sense, applies to compounds of the 0 - (S-, Se-) coordinated M-XCN type in 
a narrower sense. Similarly, a distinction is made between cyanides (M-CN) and 
isocyanides (M-NC).^ 
According to the structures of the pseudo-halides, they can be divided into two 
classes: linear or nearly linear structures of the general type AB' or ABC, and non-
linear type A(BC)n' (Table 3). Selected structural parameters of some pseudo-halides 
are listed in Table 4 and 5.^'' ' '^- ' ' ' 
Table 3 Summary of important pseudo-halides.�� 
/ 
Structural type~~~AK ABC A(BC)2' A(BC)3' A(BC): 
z 
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Representative 0 ? W , CNCT, NCCT，~N(CN)2_ C(CN)3' Co(COV 
NCS-, NCSe", NCTe- P(CN)2_ (C(CN)2NCr) Mn(CO)5" 
Table 4 Structural parameters ofisosteric pseudo-halides (ABC').^ ^ 
Pseudo-halides Distances in A Bond angle Ref. 
ABC A ^ B ^ Z ABC (°) 
N3- c^aN3) r i s m m 1 1 2 , 1 1 3 ~ 
CNO" (AgCNO) 1.09 1.25 172 114 
NCO- (AgNCO) 1.119 1.180 178.2 115 
NCS- (KNCS) 1.149 1.689 178.3 116 
NCSe (KNCSe) 1.117 1.829 178.8 117 
11 s Table 5 Calculated n atomic charges and ;r-bond orders of several pseudo-halides. 
Ion Effective ;r-atomic charges ;r-bond orders 
^ % ^ AB BC 
CK -0.2501 -0.7499 19.848 
Ns" -0.8060 +0.6121 -0.8060 1.3874 1.3874 
NCO' -0.7712 -0.0442 -0.1846 1.5503 1.2629 
NCS" -0.4826 +0.1934 -0.7108 1.8243 0.7964 
NCSe" -0.3941 +0.2345 -0.8404 1.8943 0.5973 
NCTe" -0.4919 +0.1859 -0.6940 1.8156 0.8179 
CNO' -1.1663 +0.6516 -0.4852 1.7402 0.9921 
One of the most attractive character of pseudo-halide is the diversity of their 
coordination tendency which is affected by their structures. For the cyanide ion, so far 
the dominate type of non-bridging coordination observed is via carbon, which is also 
characteristic of a fulminate. C-linkage of the cyano group also dominates in the case 
of the covalent cyanogen derivatives. The cyanates preferably form isocyanates, and 
17 
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thus the M-NCX (X=0, S or Se) bond type prevails among the covalent cyanate 
OA 
derivatives. However, cyanates exhibit a more or less marked ambivalence to 
transition metals and d^ ^ metals. The isocyanate bond type M-NCX generally 
dominates, but thio- and selenocyanate are found to form coordinate bonds via the 
"soft" chalcogen donor atoms, above all to "soft" metallic centers."9' 120 Generally the 
type of coordination, especially that of the thiocyanate ion, is very strongly influenced 
by a number of factors, such as the influence of other ligands, as well as solvent and 
counter-ion effects. By contrast to thio- and selenocyanate, for cyanate N-
coordination predominates with only a few examples of 0-coordination. The 
predominant coordination of cyanate via cyano-N as well as the exclusive coordination 
of cyanide and fulminate via carbon are not due to a very high charge concentration on 
these atoms; it rather appears that in this case the preference given to certain ligand 
atoms is due to differences in the extension and availability of the binding orbitals of 
the terminal ligand atoms, or to a dominant localization of the highest occupied 
molecular orbitals on these atoms. To sum up, one can say that the pseudo-halides can 
approximately be arranged in three classes on the basis of their different bonding 
tendencies:9o 
N-donor ligands W , NCO", N(CNV, C(CN)3-; 
C-donor (acceptor) ligands CN", CNO'; 
ambivalent ligands NCS", NCSe'. 
On the other hand, the marked ability to act as multidentate ligands when 
serving as bridges can be considered another important common characteristic of the 
pseudo-halides. The bridge types found to exist indicate interesting parallels between 
the members of the pseudo-halide family, but also characteristic differences in the 
preference given to certain bridge types.^ 
Thus cyanide forms cyano bridges of the type M-NC-M in numerous bi- or 
multi- nuclear complexes or coordination polymers, e.g. in three-dimensional 
frameworks constructed of Cd(CN)2 and related compounds. Conversely, bridge 
18 
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linkages via bridgehead atoms are characteristic of fulminate, azide and also ofcyanate. 
Linear M-NCO-M type bridges have been detected in many cyanate complexes, which 
also predominates in the coordination chemistry of the thio- and seleno- ligands: 
M-NCX-M (X=S or Se). In addition to the widespread linear thiocyanate bridge, there 
121 
are also some examples of thiocyanate bridging via the bridgehead atoms N or S. A 
highly significant bridging tendency is observed for the non-linear pseudo-halides 
N(CN)2' and C(CN)3", and both ligands prefer to act as bidentate bridging ligands. 
Tridentate and even tetradentate functions are also found to occur with the non-linear 
as well as linear pseudo-halides. Typical bridging modes of pseudo-halides with metals 
are shown in Figure 11.^'' '^ '~'^ ^ 
Marked analogies in the bonding and coordination behavior, the ambivalent 
character of the pseudo-halides, their marked bridging tendency, with a coordinative 
bi- to tetradentateness, can be considered to be further characteristic and connective 
features of the pseudo-halide family, and make it a good choice for the construction of 
rod-like three-dimensional frameworks. 
M M M\ M\ M 
^CNO ^NNN /NCO ^NCS /SCN 
M^ M^ M M M 
M M - N - C - N ^N^ M 
\ M - N - C - C , C M - N N N 
'M X M 
N 
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Figure 11 Typical binding modes of pseudo-halides with metals. 
4. Chemistry of hexamethylenetetramine 
Hexamethylenetetramine (also known by other names such as hexamine, 
methenamine, hexamethyleneamine, 1,3,5,7-tetraazaadamantane, formin, aminoform 
and urotropine, hereafter abbreviated as HMT), (CH2)6N4, was probably first prepared 
in 1859 by A. Butlerov by the reaction of gaseous ammonia with 
paraformaldehyde.i25~i28 Various chemical structures have been proposed for HMT by 
different investigators at the early stage of the research (Figure 12)，among which the 
formula of Duden and ScharfF^^ '^ ^^ ^ turns out to be in best agreement with the facts 
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CH2 厂 n H2C——N-——CH2 ^ \ 
.CH2 \ N： > 
# "2C CH2 CH2 N \ N \ \ \ N ; H 2 
一 C H 2 � 3 C H � H2C C H 2 / C H 2 
H2C N CH2 ^ ^ N ^ ^ 
A. Butlerov j. H. Van't HofF P. Duden and M. Scharff 
^ N ^ H 2 - N = C H 2 / ^ H 2 \ ^ / ^ H 2 \ 乂 " 2 \ 
H2C CH2 N N N � -N 
\ / \ / \ X \ / N-CH2-N=CH2 K CH2 CH2 
J Guareschi M. Dominikiewicz 
Figure 12 Proposed structures of HMT by A. Butlerov/^^ J. H. Van't HofF/^^ P. 
Duden & M. Schart/^^'''' J. Guareschi'^^ and M. Dominikiewicz/^'' ''^ 
Although HMT is often referred to as an analog of adamantane, it was actually 
the first organic compound to have its molecular and crystal structure elucidated by X-
ray analysis in 1923 by Dickinson and Raymond^^^ and refined in the 1930s/^^' ^^ ^ In 
1957, Andreseni38 used single-crystal neutron diffraction to determine the atomic 
coordinates accurately, particularly those of hydrogen, and to study the atomic 
vibrations. In 1963 m，Becka and Cruickshank^^^ refined the structure with Cu and Mo 
X-ray data collected at 198, 100 and 34 K, and analyzed the anisotropic atomic-
vibration amplitudes in terms of a lattice model. The structural and coordination 
chemistry of HMT has been intensively studied, and pertinent information on the 
complexes, the physical and chemical properties of HMT, as well as its industrial and 
physiological uses are available in book form.饥 ^^ ^ 
The highly symmetric HMT molecule comprises four nitrogen atoms arranged 
tetrahedrally, and six CH2 groups octahedrally, about a common center (Figure 13a). 
It is of special interest that the ideal molecular symmetry Td (43m) is fully expressed in 
the space group / 4 3m, which consists of a body-centered packing of (CH2)6N4 
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molecules in the unit cell as shown in Figure 13b. The corrected weighted-mean 
dimensions ofthe HMT molecule at 298K are: C-N = 1.476(2) A N-C-N = 113.6(2)。， 
C-N-C = 107.2(1)�’ and C-H = 1.088(11) A.^ i35，i4o 
。 • 職 
a b 
Figure 13 (a) Molecular structure ofHMT, with H atoms represented by small open 
circles, (b) Unit cell ofHMT, the H atoms are not shown.^^' 135，i4o 
Crystallographic studies have shown that quaternization of one nitrogen atom 
ofHMT, as in adduct and salt formation, profoundly distorts its highly symmetric cage 
structure.i4i~i49 Protonation of HMT results in a reduction in molecular symmetry 
from 43m to 3m, and the three equivalent C-N bonds involving the quaternary N atom 
are significantly longer than the remaining C-N bonds in the saturated heterocycles. 
Predictably, the distortion also enlarges the C-N*-C bond angles at the quaternary N* 
atom, while attenuation of N*-C-N bond angles occurs. The result is in accord with 
the VSEPR expectation that the exocyclic H atom exerts a much weaker repulsion on 
the neighboring C-N bonds in comparison with a N lone pair.^ The extent of 
distortion of the HMT cage system by various means of quaternizing one bridge-head 
nitrogen atom is compared in Table 6 ^ i5o 
； 
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Table 6 Distortion of the (CH2)6N4 cage system through quaternization of one 
nitrogen atom, 
T ^ Compound Ca-Nq C ^ ^ Ca-N^-Ca 
(CH2)6N4 1.476(2)~1.476(2)~~1.476(2)~~107.2(1) 
Methylation [(CH2)6N4at]Br.H2 1.535(15) 1.430(5) 1.469(9) 107.8(5) 
Borine adduct 0:H2)6N4.BH3& 1.527(5) 1.475(6) 1.475(6) 107.4(3) 
N-oxide (CH2)6N4O 1.514(2) 1.445(7) 1.474(4) 107.4(2) 
Protonation [(CH2)6N4H]Cl 1.526(7) 1.453(10) 1.469(5) 109.3(4) 
[(CH2)6N4H]Br 1.512(8) 1.458(7) 1.465(5) 109.7(3) 
Coordination [(CH2)6N4]4OCu4Cl6 1.514(6) 1.453(10) 1.468(12) 107.0(9)" 
(CH2)6N4*Mo(CO)5 1.504(5) 1.455(4) 1.466(6) 106.5(4) 
a The quaternary nitrogen is indicated by subscript q and a carbon atom bonded to it by 
subscript a . 
b The measured Ca-N bond in this compound is abnormally long and does not fit the 
general pattern of C-N bond-length variation. 
c Value not given in the original paper but calculated from the reported atomic 
coordinates. 
As a polycyclic tertiary amine, HMT is a monoacidic base, and its nitrogen 
atoms can coordinate with metals or metalloids as well as form acceptor hydrogen 
bonds in various binding patterns/^^' ^^ ^ from only one nitrogen atom involved in 
bonding to full use of all four nitrogen lone pairs. This makes HMT an attractive 
ligand for coordination and structure studies, and conceivably, a versatile building 
material of supramolecular chemistry. As a ligand in metal complexes, HMT tends to 
generate polymeric crystal structures with variable coordination geometries about 
metal ions of the same kind. Self-assembly and self-organization, the key processes in 
the formation of supramolecular structures, require molecular components containing 
two or more interaction sites and thus capable of establishing multiple connections/^^ 
and therefore HMT serves as a good building block for generating extended 
polymolecular assemblies. An enormous number of its salts, molecular adducts and 
coordination complexes have been reported in the literature.^ ^^~^^^ 
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5. Objectives of the present research 
In our research program, we plan to study the formation and structure ofthree-
dimensional supramolecular frameworks, which are constructed of simple building 
units by using combinations of ionic, coordination, hydrogen bonding and other non-
covalent interactions. Pseudohalo ligands, such as -CN, -SCN, -NCO, are rod-like 
units with high symmetry and variable coordination modes, are obviously good choices 
for building extended three-dimensional framework structures. Metal complexes of 
[Fe°(CN)6]4-，[Fe"^ (CN)6]3-, NCS", NCO" are employed in our research to serve as the 
fundamental building units. 
HMT has an extraordinarily rich crystal chemistry and can form crystalline 
compounds with numerous organic compounds and inorganic salts. Its highly 
symmetrical structure, multiple binding sites in diverse directions and potential donor 
hydrogen bonding ability are contribute to its various interaction modes with other 
species. In our research program, HMT is expected to play an important role in the 
formation of three-dimensional frameworks. 
A series of supramolecular framework structures constructed of HMT adducts 
of hexacyanoferrate (II/III)~~alkali metal cation cluster, cadmium halides and cadmium 
or cobalt pseudohalides are synthesized and characterized by X-ray crystallography. 
24 
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Chapter 2: Experimental 
1. Preparation 
1.1 Materials 
Alkali and alkaline earth metal hexacyanoferrates(II/III), cadmium halides 
(CdCl2, CdBr2, CdI2), sodium cyanate, ammonium isothiocyanate and HMT were 
obtained commercially and used without further purification. 
1.2 Preparation of the compounds 
Adducts of HMT with alkali and alkaline earth metal hexacyanoferrate ( 1 � 5 ) 
were prepared by reacting HMT with corresponding hexacyanoferrates in aqueous 
solution, and hydrochloride acid was used in some reactions to control the pH value of 
the resulting solution. The solutions were allowed to evaporated at ambient 
temperature, and single crystals suitable for x-ray measurement were grown from 
water-ethanol solution. 
Cadmium halide adducts of HMT (6-8) were prepared by mixing aqueous 
solution of HMT and cadmium halides (CdCl2, CdBr2, CdI2). The solution were 
allowed to evaporated at ambient temperature and colorless crystals usually formed in 
a week. 
The HMT-cadmium thiocyanate adduct, 9，was obtained by mixing an aqueous 
solution of cadmium nitrate and ammonium thiocyanate with HMT in methanol. 
Colorless crystals suitable for x-ray measurement were obtained by evaporating the 
solvent at ambient temperature. 
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The HMT-cobalt isocyanate adduct, 10，was obtained by mixing an aqueous 
solution of cobalt chloride and sodium isocyanate with HMT. Pink needles were 
grown and selected for x-ray analysis. 
2. X-ray crystallography 
Intensity data of the compounds were collected in the variable cy-scan mode on 
a four-circle difFractometer (Siemens R3m/V or Siemens P4) using MoATa radiation {X 
=0.71073 ^ at 294K. For each compound, determination of the crystal class, 
orientation matrix, and unit-cell dimensions was performed according to established 
procedures/72 and unit-cell parameters were calculated from least-squares fitting o ^ 2 9 
angles for 20-25 reflections. Crystal stability was monitored by recording two or three 
check reflections at intervals of 100 data measurements, and no significant variation 
17"¾ 
was detected. The raw data were processed with a learnt-profile procedure, and 
empirical absorption corrections were applied by fitting a pseudo-ellipsoid to the y/-
scan data of selected strong reflections over a range of2^angles."4 
The crystal structures of compounds 1 � 5 were determined by the direct method 
which yielded the positions of all non-hydrogen atoms. Compounds 6 � 1 0 were solved 
with the Patterson superposition method, and subsequent difference Fourier syntheses 
were employed to locate the remaining non-hydrogen atoms which did not show up in 
the initial structure. All the non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were all generated geometrically (C-H bond lengths fixed at 0.96 為， 
assigned appropriate isotropic thermal parameters and allowed to ride on their parent 
carbon atoms, except that the acidic (in compound 1~3) and aqua hydrogen atoms 
y^ 
were derived from difference maps and assigned isotropic thermal parameters. All the 
hydrogen atoms were held stationary and included in the structure-factor calculation in 
the final stage of full-matrix least-squares refinement. 
All computation were performed on a IBM compatible 486 PC with the 
SHELXTL-PLUS program package. ^ ^^ ~^ ^^  Analytic expressions of neutral-atom 
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scattering factors were employed, and anomalous dispersion corrections were 
incorporated.i78 
Information concerning crystallographic data collection and structure 
refinement of all compounds is summarized in Table A1 and A2. Final atomic 
coordinates and equivalent isotropic thermal parameters, along with their estimated 
standard deviations, are presented in Appendix 1; Anisotropic thermal parameters are 
listed in Appendix 2; H-atom coordinates and their isotropic thermal parameters are 
listed in Appendix 3. 
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Chapter 3: Description of Crystal Structures 
1. Isostructund compounds K2[Fe"(CN)6] • 2[(CH2)6N4H] • 4H2O (1) and 
K2[Fe"'(CN)6] • [(CH2)6N4H] • [(CH2)6N4] • 4H2O (2) 
Crystal data'. (1) Ci8H34N4O14K2Fe, F. W. = 644.6, monoclinic, space group 
CHc OSFo. 15), a = 17.384(3)，b = 9 .539 (2 ) , c = 1 6 . 7 5 0 ( 3 ) A P = 105.40(3)。，V = 
2 6 7 8 ( 1 )足 z = 4，Z)c = 1 .599 gA^ m，，/ = 0 . 9 2 9 m m \ 
Crystal data: (2) Ci8H33N4O14K2Fe, F. W. = 643.6, monoclinic, space group 
CHc Q^o. 15)，a = 17 .447(3) , b = 9.747(2)，c = 17 .136 (3 ) k P = 104.81(3)。，F = 
2817(1)A3，Z = 4，A=1.517gA:m3,// = 0.883 mm\ 
Table 7 Selected bond lengths (A) and bond angles f ) of compound 1 and 2 
K2[Fe°(CN)6] • 2 [ ( C H 2 ) 6 _ • 4H2O (1) 
K(l)-0(1W) 2.759(2) C(2)-N(2) 1.167(3) 
K(l)-0(2W) 3.085(2) C(4)-N(7) 1.474(3) 
K(l)-0(lWb) 2.713(2) C(5)-N(4) 1.470(3) 
K(l)-0(2Wb) 3.150(2) C(6)-N(4) 1.448(3) 
K(l)-N(l) 2.922(2) C(7)-N(6) 1.449(3) 
K(l)-N(4) 2.949(2) C(8)-N(7) 1.468(3) 
K(l)-N(2c) 2.904(2) C(9)-N(7) 1.438(3) 
K(l)-N(7e) 3.016(2) C(4)-N(4) 1.472(3) 
Fe(l)-C(l) 1.914(2) C(5)-N(6) 1.483(3) 
Fe(l)-C(2) 1.923(2) C(6)-N(5) 1.521(3) 
Fe(l)-C(3) 1.915(2) C(7)-N(5) 1.517(3) 
C(l)-N(l) 1.163(3) C(8)-N(6) 1.466(4) 
C(3)-N(3) 1.163(3) C(9)-N(5) 1.517(3) 
C(l)-Fe(l)-C(la) 178.7(1) C(3a)-Fe(l)-C(3) 88.5(1) 
C(l)-Fe(l)-C(3) 90.4(1) C(3)-Fe(l)-C(2) 89.9(1) 
Ql)-Fe(l)-C(2a) 90.3(1) N(l)-C(l)-Fe(l) 178.9(2) 
G(3a)-Fe(l)-C(2) 178.3(1) N(3)-C(3)-Fe(l) 177.1(2) 
CX2)-Fe(l)-C(2a) 91.7(1) N(7)-C(4)-N(4) 111.7(2) 
N(2)-CX2)-Fe(l) 178.1(2) N(4)-C(6)-N(5) 108.7(2) 
Ql)-Fe(l)-C(3a) 88.8(1) N(7)-C(8)-N(6) 112.2(2) 
CXl)-Fe(l)-C(q 90.6(1) C(6)-NW_C(5) 109.3(2) 
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C(6)-N(4)-C(4) 109.0(2) N(7)-C(9)-N(5) 109.5(2) 
C(5)-N(4)-C(4) 109.3(2) C(6)-N(5)-C(7) 109.3(2) 
C(7)-N(6)-C(8) 109.2(2) C(6)-N(5)-C(9) 108.6(2) 
C(7)-N(6)-C(5) 109.0(2) C(7)-N(5)-C(9) 109.4(2) 
C(8)-N(6)-C(5) 108.8(2) C(9)-N(7)-C(8) 109.5(2) 
K(lb)-0(1W)-K(l) 84.03(5) C(9)-N(7)-C(4) 108.3(2) 
N(4)-C(5)-N(6) 111.2(2) C(8)-N(7)-C(4) 108.7(2) 
N(6)-C(7)-N(5) 108.8(2) K(l)-0(2W)-K(lb) 71.95(4) 
Hydrogen bonds: 
0(lW)...N(3f) 2.792(3) 0(2W)...Nps[2c) 2.800(3) 
0(lW)...N(6g) 2.965(3) 0(2W)...N(5h) 2.731(3) 
0(2W)...NOS[lb) 2.826(3) 
Symmetry codes: 
(a) -X, y, 0.5-z (b) 0.5-x, 0.5-y, -z (c) 0.5-x, -0.5+y, 0.5-z; (d)^5j-y^ ^ a5+z_ e^j _0_5_-x,_0_^ _ 0.5-z (f)_ x,_-y,_-0_5+z. 
&[Fem(CN)6] • [(CH2)6N4H] • [(CH2)6N4] • 4氏0 (2) 
K(l)-N(l) 2.871(6) C(3)-N(3) 1.142(8) 
K(l)-N(4) 3.053(5) C(4)-N(4) 1.466(7) 
K(l)-N(2b) 2.967(6) C(7)-N(5) 1.450(7) 
K(l)-N(5B) 3.086(4) C(4)-N(5) 1.464(7) 
K(l)-0(1W) 2.983(5) C(7)-N(6) 1.492(8) 
K(l)-0(2W) 2.737(4) C(5)-NW 1.458(7) 
K(l)-0(lWc) 3.163(4) C(8)-N(6) 1.494(8) 
K(l)-0(2Wc) 2.748(4) C(5)-N(6) 1.498(8) 
Fe(l)-C(l) 1.930(6) C(8)-N(7) 1.461(7) 
Fe(l)-C(2) 1.959(7) C(6)-N(4) 1.475(8) 
Fe(l>C(3) 1.938(6) C(9)-N(5) 1.471(8) 
C(l)-N(l) 1.146(8) C(6)-N(7) 1.478(7) 
C(2)-N(2) 1.13 6(9) C(9)-N(7) 1.474(8) 
CXl)-Fe(l)-C(q 89.8(3) C(4)-N(4)-C(5) 109.3(5) 
Fe(l)-C(l)-N(l) 177.3(7) C(5)-N(6)-C(7) 108.8(4) 
Ql)-Fe(l)-C(3) 89.6(2) C(4)-N(4)-C(6) 108.0(4) 
Fe(l)-C(q-NCT 178.7(5) C(5)-N(6)-C(8) 108.8(5) 
C(2)-Fe(l)-C(3) 89.8(3) C(5)-N(4)-C(6) 108.2(4) 
FeW-C(3)-N(3) 178.0(7) C(7)-N(6)-C(8) 107.7(4) 
N(4)-C(4)-N(5) 112.6(4) C(4)-N(5)-C(7) 108.5(4) 
N(5)-C(7)-N(6) 111.3(5) C(6)-N(7)-C(8) 109.0(4) 
N(4)-C(5)-N(6) 110.5(4) C(4)-N(5)-C(9) 108.2(5) 
N(6)-C(8)-N(7) 111.0(4) C(6)-N(7)-C(9) 107.7的 
N(4)-C(6)-N(7) 112.2(5) C(7)-N(5)-C(9) 108.3(4) 
N(5)-C(9)-N(7) 112.5(4) C(8)-N(7)-C(9) 107.6(5) 
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Hydrogen bonds: 
0(lWd)...N(6) 2.796(8) 0(lWd)...N(2F) 2.921(8) 
0(2We)."N(3) 2.875(8) 0(2We)...N(7) 2.925(8) 
Symmetry codes: 
(a) -X，+y, 0.5-z (b) 0.5-x, 0.5+y, 0.5-z (c) 0.5-x, 1.5-y, 1.0-z 
(d) 0.5+x，-0.5+y，+z (e) 0.5-x，0.5-y, 1.0-z (f) 0.5+x，0.5-y，0.5+z 
Compounds 1 and 2 are nearly isostructural and only differ in regard to the 
oxidation state of the iron atom, which occupies WyckofF position 4(e) of point 
symmetry 2. The average Fe-C bond distances are 1.917 (3) and 1.942 (8) Afor 1 and 
2，respectively. Since the cyanide group generally acts both as a a-donor and a n-
acceptor in complexation with transition metals, "back-donation" by overlap of 
suitably orientated filled metal dorbitals with ;r-antibonding ligand orbitaIs is stronger 
in hexacyanoferrate(II) than in hexacyanoferrate(III). ^ ^^  In accordance with this 
expectation, the average Fe-C bond length of 1 is marginally shorter than that of 2，in 
180 181 which the iron atom is in a higher oxidation state. ’ 
The potassium cations are organized into pairs bridged by four water 
molecules, forming a centrosymmetric [K2(H2O)4]^ ^ cluster, and each potassium cation 
ofthis cluster is again connected with two nitrogen atoms of two HMT molecules and 
two [Fe(CN)6]n- moieties (Figure 14)，thus the alkali metal forms 8-coordinates in 
these two structures. 
~^  
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N ( 6 ) M ^ 5 ^ 
Figure 14 A perspective ORTEP drawing of isostructural compounds 1 and 2 (H 
atoms are omitted for clarity). Thermal ellipsoids are drawn at the 35% 
^, 
probability level. The centrosymmetric [K2(H2O)4] cluster are shown. 
Symmetry codes are given in Table 7. 
The structures of these two compounds conform to the structure model for 
adducts of the hexacyanoferrates of alkali and alkali-earth metals with HMT as 
described in Li4[Fe"(CN)6].2HMT.5H20/'' Li3[Fe"'(CN)6].2HMT.5H20/'' 
N^[Fem(CN)6].2HMT.5H20，i54 K3[Fe"'(CN)6].2HMT.4H20/'' Ca2[Fe"(CN)6]. 
HMT.6H2O/56 Sr3[Fem(CN)6]2.3HMT.l8H2O/57 Ba3[Fe°(CN)6]2.2HMT. 1 lH2O.'' ' 
The general building pattern of the above compounds can be described as follows: the 
hexacyanoferrate anions constitute a base lattice that is close to face-centered cubic, 
with the tetrahedral interstices occupied by HMT molecules and the octahedral 
interstices by aquated metal cation clusters. Distortion of the idealized lattice occurs 
to an extent that depends on the size of the metal cation and the number of water 
molecules coordinated to it, thus resulting in a reduction in crystal symmetry. 
�� 
Compounds (1) and (2) are also follows the similar crystal packing (Figure 15), but 
crystallize in a transformed C-centered lattice. 
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• y ^ ^ p ^ ^ 
% ^ x i 
% y ^ ^ ^ ^ ^ \ - K ^ ^ ^^^ 
Figure 15 Molecular packing down the b, axis showing the base lattice formed by 
hexacyanoferrates, which can be regarded as a distorted face-centered 
lattice {a ’ = a, b ’ = b�c ’ = 2c+a). Water molecules have been omitted for 
clarity. 
The supramolecular structure is stabilized by hydrogen bonding between water 
molecules and the N atoms of HMT and hexacyanoferrate that are not coordinated to 
potassium atoms (Figure 16). The average 0 ~ H - N bond distance is 2.823(3) and 
2.879(8) Afor 1 and 2，respectively. Protonation ofHMT occurs at N(5) in (1) and 
N(6) in (2). 
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Figure 16 Molecular packing of 1 viewed parallel to the b axis showing the three-
dimensional supramolecular framework constructed by HMT, 
hexacyanoferrate and [K2(H2O)4]2+ cluster through coordination and 
hydrogen bonding. 
2. Crystal structure ofN&[Fe"i(CN)6] • [(CH2)6N4H] • [(CH2)6N4] • 5 ^ 0 (3) 
Crystal data: Ci8H35N14O5Na2Fe, F. W. = 629.4，monoclinic, space group 
P2Jc OSTo. 14), a = 10.752(2), b = 13.277(3), c = 19.973(4) Ay^=94.87(3)。，F = 
2841(1) A3,Z = 4, A = 1.472 g/cm', ju = 0.618 mm^ V 
\ 
Table 8 Selected bond lengths (A) and bond angles Q of compound 3 
Na(l)-0(1W) 2.428(4) Na(l)-0(2W) 2.515(5) 
Na(2)-N(ll) 2.512(6) Na(2)-N(21) 2.814(5) 
33 
Chapter 3 : Description of Crystal Structures Xue Feng, 1996 
Na(l)-0(3W) 2.346(5) C(21)-N(22) 1.522(8) 
Na(2)-0(lW) 2.372(5) C(24)-N(24) 1.469(8) 
Na(l)-0(4W) 2.312(5) C(22)-N(22) 1.532(8) 
Na(2)-0(2W) 2.732(5) C(25)-N(21) 1.487(8) 
Na(l)-N(16A) 2.451(6) C(22)-N(23) 1.440(8) 
Na(2)-0(3W) 2.404(5) C(25)-N(23) 1.475(8) 
Na(l)-N(23C) 2.753(5) C(23)-N(22) 1.533(8) 
Na(2)-N(14B) 2.584(6) C(26)-N(23) 1.485(8) 
Fe(l)-C(ll) 1.955(7) C(23)-N(24) 1.438(8) 
Fe(l)-C(14) 1.947(6) C(26)-N(24) 1.479(8) 
Fe(l)-C(12) 1.947(6) C(31)-N(31) 1.475(8) 
Fe(l)-C(15) 1.936(7) C(34)-N(32) 1.469(8) 
Fe(l)-C(13) 1.934(6) C(31)-N(32) 1.482(8) 
Fe(l)-C(16) 1.952(7) C(34)-N(33) 1.482(8) 
C(l l ) -N(l l ) 1.150(9) C(32)-N(31) 1.490(9) 
C(14)-N(14) 1.166(8) C(35)-N(32) 1.468(8) 
C(12)-N(12) 1.149(8) C(32)-N(34) 1.474(8) 
C(15)-N(15) L146(9) C(35)-N(34) 1.470(8) 
C(13)-N(13) 1.157(8) C(33)-N(31) 1.473(9) 
C(16)-N(16) 1.145(9) C(36)-N(33) 1.479(8) 
C(21)-N(21) 1.439(8) C(33)-N(33) 1.478(9) 
C(24)-N(21) 1.482(8) C(36)-N(34) 1 .475(8) 
0(lW)-Na(l)-0(2W) 84.8(2) 0(2W)-Na(2)-0(3W) 65.5(1) 
N(ll)-Na(2)-N(21) 84.9(2) 0(4W)-Na(l)-N(23c) 88.3(2) 
0(lW)-Na(l)-0(3W) 82.5(2) 0(2W)-Na(2)-N(14b) 148.5(2) 
N(ll)-Na(2)-0(lW) 96.0(2) N(16a)-Na(l)-N(23c) 83.3(2) 
0(lW)-Na(l)-0(4W) 81.9(2) 0(3W)-Na(2)-N(14b) 84.5(2) 
N(ll)-Na(2)-0(2W) 86.2(2) C(ll)-Fe(l)-C(12) 91.1(3) 
0(lW)-Na(l)-N(16a) 103.7(2) C(12)-Fe(l)-C(13) 176.8(3) 
N(ll)-Na(2)-0(3W) 151.6(2) C(ll)-Fe(l)-C(13) 89.5(3) 
0(lW)-Na(l)-N(23c) 169.2(2) C(12)-Fe(l)-C(14) 90.5(3) 
N(1 l)-Na(2)-N(14b) 122.9(2) C(1 l)-Fe(l)-C(14) 88.7(3) 
0(2W)-Na(l)-0(3W) 70.0(2) C(12)-Fe(l)-C(15) 89.2(3) 
N(21)-Na(2)-0(lW) 171.5(2) C(ll)-Fe(l)-C(15) 89.9(3) 
0(2W)-Na(l)-0(4W) 86.6(2) C(12)-Fe(l)-C(16) 90.8(3) 
N(21)-Na(2)-0(2W) 90.5(2) C(ll)-Fe(l)-C(16) 177.7(3) 
0(2W)-Na(l)-N(16a) 165.8(2) C(14)-Fe(l)-C(15) 178.6(3) 
N(21)-Na(2)-0(3W) 92.7(2) C(13)-Fe(l)-C(14) 92.7(3) 
0(2W)-Na(l)-N(23c) 90.0(2) C(14)-Fe(l)-C(16) 92.5(3) 
N(21)-Na(2)-N(14b) 81.5(2) C(13)-Fe(l)-C(15) 87.7(3) 
0(3W)-Na(l)-0(4W) 152.9(2) C(15)-Fe(l)-C(16) 88.9(3) 
0(lW)-Na(2)-0(2W) 81.2(1) C(13)-Fe(l)-C(16) 88.5(3) 
0(3W)-Na(l)-N(16a) 99.5(2) Fe(l)-C(l 1)-N(11) 177.6(6) 
0(lW)-Na(2)-0(3W) 82.5(2) Fe(l)-C(14)-N(14) 176.4(6) 
0(3W)-Na(l)-N(23c) 104.6(2) Fe(l)-C(12)-N(12) 179.4(6) 
0(lW)-Na(2)-N(14b) 104.9(2) Fe(l)-C(15>N(15) 179.5(6) 
0(4W)-Na(l)-N(16a) 105.6(2) Fe(l)-C(13)-N(13) 177.7(6) 
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Fe(l)-C(16)-N(16) 178.6(6) N(31)-C(31)-N(32) 111.9(5) 
N(21)-C(21)-N(22) 109.9(5) N(32)-C(34)-N(33) 111.4(5) 
N(21)-C(24)-N(24) 112.0(5) N(3 l)-C(32)-N(34) 111.3(5) 
N(22)-C(22)-N(23) 109.5(4) N(32)-C(35)-N(34) 112.1(5) 
N(21)-C(25)-N(23) 111.6(5) N(3 l)-C(33)-N(33) 112.0(5) 
N(22)-C(23)-N(24) 109.0(5) N(33)-C(36)-N(34) 112.3(5) 
N(23)-C(26)-N(24) 111.3(5) C(3 l)-N(3 l)-C(32) 108.5(5) 
C(21)-N(21)-C(24) 108.8(5) C(33)-N(33)-C(34) 108.6(5) 
C(22)-N(23)-C(25) 109.0(5) C(3 l)-N(3 l)-C(33) 108.1(5) 
C(21)-N(21)-C(25) 108.9(5) C(33)-N(33)-C(36) 107.6(5) 
C(22)-N(23)-C(26) 109.8(5) C(32)-N(3 l)-C(33) 108.0(5) 
C(24)-N(21)-C(25) 108.5(5) C(34)-N(33)-C(36) 108.2(5) 
C(25)-N(23)-C(26) 108.4(4) C(3 l)-N(32)-C(34) 108.0(5) 
C(21)-N(22)-C(22) 107.7(5) C(32)-N(34)-C(35) 108.9(5) 
C(23)-N(24)-C(24) 109.0(5) C(31)-N(32)-C(35) 108.4(5) 
C(21)-N(22)-C(23) 109.0(4) C(32)-N(34)-C(36) 107.9(5) 
C(23)-N(24)-C(26) 109.6(5) C(34)-N(32)-C(35) 109.0(5) 
C(22)-N(22)-C(23) 109.2(5) C(35)-N(34)-C(36) 107.9(5) 
C(24)-N(24)-C(26) 109.2(5) 
Hydrogen bonds: 
0(lW)...N(12e) 2.964(9) 0(2W)...N(31c) 2.960(9) 
0(4W)...N(15g) 2 .788 (9 ) 0 ( 5 W ) . . . N ( 2 2 ) 2 . 7 0 5 ( 9 ) 
0(lW)...N(32b) 2.788(9) 0(3W)...N(13c) 2.885(9) 
0(4W)...N(34d) 2.861(9) 0(5W)...0(4Wf) 2.839(9) 
0(2W)...N(13c) 2.958(9) 0(3W)...N(33a) 2.803(9) 
0(4W)...0(5Wd) 2.839(9) 
Symmetry codes: 
(a) +x, -1.0+y, +z (b) 1.0-x, -y, -z (c) 1.0-x, -0.5+y, 0.5-z 
(d) -1.0+x, -1.0+y, +z (e) -x, -y, -z (f) 1.0+x, +y, +z 
(g)-x，-0.5+y，0.5-z 
In compound 3，the iron atom lies in a general position with an average Fe-C 
bond distance of 1.945(8) A(Table 8), and this conforms the high oxidation state of 
Fe(III). Two types of HMT moieties are present in this structure with different 
environments: the protonated HMT, in which N(22) carries the proton, is coordinated 
\ to the sodium atoms of a pair of neighboring dinuclear cationic clusters P^a2(H2O)4]^^ 
and forms a donor hydrogen bond to a lattice water molecule, whereas the neutral 
HMT is involved only in acceptor hydrogen bonding with two neighboring water 
molecules. Both independent sodium cations are bridged by three water molecules, 
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but completion of octahedral coordination about each cation occurs in different ways. 
Sodium atom Na(l) is surrounded by four water molecules and two N atoms of 
protonated HMT and hexacyanoferrate, whereas Na(2) is coordinated by three water 
molecules and two N atoms of hexacyanoferrates in addition to one N of protonated 
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Figure 17 A perspective ORTEP drawing of 3 showing its unit-cell content (H atoms 
are omitted for clarity). Two types of HMT units in different environment “ 
are shown. Thermal ellipsoids are drawn at the 35% probability level. 
As in the case of compounds 1 and 2，the structure of the compound 3 also can 
be regarded as a face-centered packing of [Fe(CN)6]^" units with two kinds of HMT 
molecules in tetrahedral interstices and sodium cation-water clusters in octahedral 
interstices. The structure also reveals that the presence of sodium-water clusters also 
distorts the lattice. However, since the sodium cation is smaller than the potassium 
cation, the ionic radii ofNa+ and K+ being 0.98 and 1.33 A respectively, ^ the 
distortion of the lattice is less than that in 1 and 2. Aqua ligand water molecules 
0(lw)-0(4w) and the lattice water molecule 0(5w), together with the neutral HMT, 
are connected in a more complex hydrogen bonding scheme in stabilizing the resulting 
supramolecular framework (Figure 18). The 0^~H.. .0 hydrogen bonds lie in the 
range 2.792(5) to 3.314(5) A and the average 0 “ H . . . N bond distance is 2.865 (5) A.. 
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Figure 18 Molecular packing of 3 viewed parallel to the b axis showing the three-
dimensional framework constructed of neutral HMT, protonated HMT, 
hexacyanoferrate and ps[a2(H2O)4]^ ^ cluster through coordination and 
hydrogen bonding. 
3. Crystal structure ofK3[Fe"'(CN)6] • 2[(CH2)6N4] • 4 ^ 0 (4) 
Crystal data: Ci8H32N14O4K3Fe, F. W. = 681.7, monoclinic, space group C2/c 
\ (No. 15), a = 20.778(4), b = 19.096(4), c = 17.625(4) h P = 121.75©。，V= 5947(3) 
^ Z = 8 , A : = 1.523 gy^cm3,// = 0.978 mm-i. 
Table 9 Selected bond lengths (A) and bond angles Q of compound 4 
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K(1)-N(11) 2.752(3) C(13)-N(13) 1.152 (4) 
K(l)-N(14) 2.964(4) C(21)-N(21) 1.153 (3) 
K(l)-0(1W) 2.824 (2) C(22)-N(22) 1.145 (5) 
K(l)-0(2W) 2.911 (3) C(23)-N(23) 1.142 (5) 
K(l)-0(3W) 2.642 (2) C(14)-N(14) 1.462(4) 
K(l)-0(4W) 2.637 (2) C(14)-N(15) 1.465 (6) 
K(2)-N(21) 2.942(2) C(15)-N(14) 1.467 (4) 
K(2)-N(24) 2.966 (4) C(15)-N(16) 1.475 (5) 
K(2)-0(lW) 2.813 (3) C(16)-N(14) 1.458 (5) 
K(2)-0(2W) 2.730 (2) C(16)-N(17) 1.476 (5) 
K(2)-0(3W) 2.901(3) C(17)-N(15) 1.477(5) 
K(2)-N(12d) 2.896 (3) C(17)-N(17) 1.472 (4) 
K(2)-N(15e) 2.882 (3) C(18)-N(15) 1.474(4) 
K(3)-0(lW) 3.215(2) C(18>N(16) 1.472 (4) 
K(3)-0(2W) 3.074 (2) C(19)-N(16) 1.467 (5) 
K(3)-0(4W) 2.733 (3) C(19)-N(17) 1.464 (4) 
K(3)-N(12d) 2.801 (3) C(24)-N(24) 1.470 (4) 
K(3)-N(13g) 3.120(4) C(24)-N(26) 1.472 (6) 
K(3)-N(23f) 2.909(4) C(25)-N(24) 1.475 (4) 
K(3)-N(27c) 2.896 (2) C(25)-N(27) 1.474 (5) 
Fe(l)-C(ll) 1.937 (4) C(26)-N(24) 1.464(4) 
Fe(l>C(12) 1.945 (3) C(26)-N(25) 1.469(6) 
Fe(l)-C(13) 1.934 (3) C(27)-N(26) 1.478 (4) 
Fe(2)-C(21) 1.929 (2) C(27)-N(27) 1.470(4) 
Fe^-C(22) 1.947 (4) C(28)-N(25) 1.486 (4) 
Fe^-C(23) 1.943 (4) C(28)-N(27) 1.473 (4) 
C(l l ) -N(l l ) 1.144 (5) C(29)-N(25) 1.470(4) 
C(12)-N(12) 1.148 (5) C(29)-N(26) 1.467(4) 
N(ll)-K(l)-N(14) 81.4(1) N(21)-KCT-N(12d) 157.1(1) 
N(ll)-K(l)-0(1W) 176.6(1) N(21)-K(2>N(15e) 80.4(1) 
N(ll)-K(l)-0(2W) 98.4(1) N(24H^2)-0(lW) 152.4(1) 
N(ll)-K(l)-0(3W) 103.2(1) N ( 2 4 ) - ^ - 0 ( 2 W ) 90.9(1) 
N(ll)-K(l)-0(4W) 96.4(1) N(24)-K^2)-0(3W) 129.7(1) 
N( 14)-K( 1 )-0( 1W) 101.8(1) N(24)-K(2)-N( 12d) 81.8(1) 
N(14)-K(l)-0(2W) 157.0(1) N(24)-K(2)-N(15e) 106.0(1) 
N(14)-KW-0(3W) 132.5(1) 0(lW)-K(2)-0(2W) 81.5(1) 
N(14 ) -K� -0 (4W) 81.6(1) 0(lW)-K(2)-0(3W) 72.0(1) 
0(lW)-K(l)-0(2W) 78.2(1) 0(lW)-K(2)-N(12d) 73.0(1) 
0 ( lWH^l ) -0 (3W) 75.8(1) 0(lW)-K(2)-N(15e) 90.2(1) 
0(lW)-KW-0(4W) 82.8(1) 0 ( 2 W ) - ^ - 0 ( 3 W ) 69.2(1) 
0(2W>K(l)-0(3W) 70.2(1) 0(2W)-K(2)-N(12d) 97.2(1) 
0(2W)-K^l)-0(4W) 75.5(1) 0(2W)-K(2)-N(15e) 156.1(1) 
0(3WH^l)-0(4W) 142.5(1) 0(3W)-K©-N(12d) 143.9(1) 
N(21)-^2)-N(24) 75.8(1) 0(3W)-K(2)-N(15e) 87.0(1) 
N(21)-J^2)-0(lW) 129.8(1) N(12d)-J^2)-N(15e) 101.7(1) 
N(21) -^) -0(2W) 87.9(1) 0(lW)-K(3)-0(2W) 70.2(1) 
N ( 2 1 ) - ^ 2 ) - 0 ( 3 W ) 58.5(1) 0(lW)-K(3)-0(4W) 74 .3 (1) 
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0(lW)-K(3)-N(12d) 68.4(1) Fe(2)-C(23)-N(23) 179.2(3) 
0(lW)-K(3)-N(13g) 91.6(1) K(2)-N(21)-C(21) 158.4(2) 
0(lW)-K(3)-N(27c) 148.2(1) N(14)-C(14)-N(15) 113.4(3) 
0(lW)-K(3)-N(23f) 127.8(1) N(14)-C(15)-N(16) 112.6(3) 
0(2W)-K(3)-0(4W) 71.5(1) N(14)-C(16)-N(17) 112.5(2) 
0(2W)-K(3)-N(12d) 91.7(1) N(15>C(17)-N(17) 111.7(3) 
0(2W)-K(3)-N(13g) 128.3(1) N(15)-C(18)-N(16) 111.9(2) 
0(2W)-K(3)-N(23f) 58.0(1) N(16)-C(19)-N(17) 112.3(3) 
0(2W)-K(3)-N(27c) 139.4(1) K( 1 )-N( 14)-C( 14) 104.0(3 ) 
0(4W)-K(3)-N(12d) 142.5(1) K(l)-N(14)-C(15) 102.0(2) 
0(4W)-K(3)-N( 13 g) 56.9( 1) K( 1 )-N( 14)-C( 16) 126.4(2) 
0(4W)-K(3 )-N(23g) 93.9( 1) C( 14)-N( 14)-C( 15) 108.1 (2) 
0(4W)-K(3)-N(27c) 120.2(1) C(14)-N(14)-C(16) 107.5(3) 
N(12d)-K(3)-N(13g) 126.8(1) C(15)-N(14)-C(16) 107.7(3) 
N(12d)-K(3)-N(23f) 105.4(1) C(14)-N(15)-C(17) 107.6¾ 
N(12d)-K(3)-N(27c) 94.6(1) C(14)-N(15)-C(18) 108.2(3) 
N(13g>K(3)-N(23f) 124.5(1) C(17)-N(15)-C(18) 108.0(3) 
N(13g)-K(3)-N(27c) 77.2(1) C(15)-N(16)-C(18) 108.4(3) 
N(230-K(3)-N(27c) 81.7(1) C(15)-N(16)-C(19) 107.5(2) 
C(ll)-Fe(l)-C(12) 90.9(1) C(18)-N(16)-C(19) 108.1(3) 
C(ll)-Fe(l)-C(13) 90.6(1) C(16)-N(17)-C(17) 107.9(3) 
C(1 l)-Fe(l)-C(l la) 88.7(2) C(16)-N(17)-C(19) 108.2(3) 
C(ll)-Fe(l)-C(12a) 179.3(1) C(17)-N(17)-C(19) 108.4(2) 
C(ll)-Fe(l>C(13a) 88.9(1) N(24)-C(24)-N(26) 112.8(3) 
C(12)-Fe(l>C(13) 90.5(1) N(24)-C(25)-N(27) 112.0(2) 
C(12)-Fe(l>C(lla) 179.3(1) N(24)-C(26)-N(25) 112.9(3) 
C(12)-Fe(l)-C(12a) 89.5(2) N(26)-C(27)-N(27) 112.3(3) 
C(12)-Fe(l)-C(13a) 90.0(1) N(25)-C(28)-N(27) 111.8(3) 
C(13)-Fe(l)-C(lla) 88.9(1) N(25)-C(29)-N(26) 112.5(2) 
C(13)-Fe(l)-C(12a) 90.0(1) K(2)-N(24)-C(24) 95.6(2) 
C(13)-Fe(l)-C(13a) 179.3(2) �印->^(24)-0(25) 121.8(2) 
C(21)-Fe(2)-C(22) 92.0(1) K(2)-N(24)-C(26) 114.2(2) 
C(21)-Fe(2)-C(23) 90.8(1) C(24)-N(24)-C(25) 107.9(3) 
C(21)-Fe(2)-C(21b) 178.8(2) C(24)-N(24)-C(26) 108.0(2) 
C(21)-Fe(2)-C(22b) 87.2(1) C(25)-N(24)-C(26) 107.9(3) 
C(21)-Fe�-C(23b) 90.0(1) C(26)-N(25)-C(28) 107.5(2) 
C(22)-Fe(2)-C(23) 89.2(2) C(26)-N(25)-C(29) 108.6(3) 
C(22)-Fe(2)-C(21b) 87.2(1) C(28)-N(25)-C(29) 107.7(3) 
C(22)-Fe(2)-C(22b) 92.1(2) C(24)-N(26)-C(27) 107.7(2) 
C(22)-Fe(2)-C(23b) 177.7(1) C(24)-N(26)-C(29) 108.1(3) 
C(23)-Fe(2)-C(21b) 90.0(1) C(27)-N(26)-C(29) 107.8(3) 
C(23)-Fe(2)-C(22b) 177.7(1) C(25)-N(27)-C(27) 108.2(3) 
C(23)-Fe(2)-C(23b) 89.6(2) C(25)-N(27)-C(28) 108.4(3) 
F e " - C ( l 1)-N(11) 178.5(3) C(27)-N(27)-C(28) 107.9(2) 
F e ( l ) - C ( 1 2 ) - N ( 1 2 ) 179.4(3) K � - 0 ( l W ) - K ( 2 ) 90 .6(1) 
F e ( l ) - C ( 1 3 ) - N ( 1 3 ) 178.0(4) � � - � ( ! … ) - ! ^ ^ 84 .6(1) 
K(l)-N(ll)-C(ll) 163.5W KCT-0(lW)-K(3) 77.8(1) 
Fe©-C(21)-N(21) 178.2(3) K(l)-0(2W)-K(2) 90.4(1) 
F e © - C ( 2 2 ) - N ( 2 2 ) 176.7(2) K W - 0 ( 2 W ) - K ( 3 ) 85 .8(1) 
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K(2)-0(2W)-K(3) 81.5(1) K(l)-0(4W)-K(3) 98.7(1) 
�山-0(3〜)-�(2) 92.4(1) 
Hydrogen bonds: 
0(lWe)".N(22b) 2.905 (6) 0(3Wa)...N(21a) 2.854 (6) 
0(lWe)...N(26) 2.867 (6) 0(3Wa)...N(17) 2.789 (6) 
0(2Wh)...N(23b) 2.905 (6) 0(4Wg)...N(13) 2.807(6) 
0 ( 2 W h ) . . . N ( 2 5 ) 2 .853 (6) 0 ( 4 W g ) . . . N ( 1 6 ) 2 .781 (6) 
N(26)...0(lWe)...N(22b) 99.0(1) N(17)...0(3Wa)...N(21a) 118.6(1) 
N(25)...0(2Wh)...N(23b) 109.1(1) N(13)...0(4Wg)...N(16) 101.9(1) 
Symmetric code: 
(a) 1.0-x, +y, 0.5-z (b) 1.0-x, +y, 1.5-z (c) -x, +y, 0.5-z 
(d) 0.5-x, 0.5+y, 0.5-z (e) +x, 1.0-y, 0.5+z (f) -0.5+x, 0.5-y, -0.5+z 
(g) 0.5-x, 0.5-y, -z (h) 0.5-x, 0.5-y, 1.0-z 
In compound 4, the average Fe-C bond length is 1.939(4) A(TabIe 9)，which 
indicates that the iron atom is in a high oxidation state, e. g. Fe(III). The crystal 
structure of this compound reveals that the potassium atom forms a more complex 
type of cluster than the clusters formed by potassium and sodium ions in the crystal 
structures of 1, 2 and 3. Three potassium atoms form a cage-like core bridged by four 
water molecules and one nitrogen atom belonging to one of the hexacyanoferrate 
moieties. Two water molecules, 0( lw) and 0(2w), coordinate to all three potassium 
atoms, above and below the plane of the three atoms, respectively, to produce a 
bipyramidal structure (Figure 19). Two other water molecules and the nitrogen atom 
ofa hexacyanoferrate group each bridges a pair of potassium atoms to form a distorted 
hexagon. The three potassium atoms exhibit two different coordination modes: one 
potassium atom, K(1), is six-coordinated and surrounded by four water molecules and 
two nitrogen atoms of hexacyanoferrate and HMT; the other two potassium atoms, 
K(2) and K(3), are seven-coordinated with three different water molecules and four 
nitrogen atoms belonging to two hexacyanoferrates and two HMT molecules at the 
( ligand sites. Notably all water molecules are involved in the formation of the trinuclear 
open cluster [K3(H2O)4]^ .^ 
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Figure 19 A perspective ORTEP drawing of compound 4 showing the unit cell 
content (H atoms are omitted for clarity). Thermal ellipsoids are drawn at 
35% probability level. The cage-like [K3(H2O)4Ncyano]^ ^ core is shown. 
The symmetry codes are listed in Table 9. 
The three-dimensional framework of compound 4 is established by the self-
organization of three components: the potassium cation cluster [K3(H2O)4f+ serves as 
a bridge group in joining the HMT and hexacyanoferrate moieties together (Figure 
20). With reference to the structural model of adducts ofHMT and alkali and alkaline 
earth metal hexacyanoferrates/^^ the basic lattice of compound 4 is derived from a 
transformed body-centered lattice in which HMT molecules occupy the tetrahedral 
interstices and the hexacyanoferrates are located at the octahedral interstices (Figure 
21). The framework is further stabilized by hydrogen bonding between water 
molecules and HMT molecules or hexacyanoferrates, the average 0-H • N bond length 
being 2.845(6) A. 
\ 
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Figure 20 Molecular packing of compound 4 viewed parallel to the b axis showing 
the three-dimensional framework constructed by hexacyanoferrate, HMT 
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Figure 21 Molecular packing drawn down the c (or c，）axis showing the distorted 
I body-centered lattice formed by hexacyanoferrates, HMT molecules occupy 1 I 
the tetrahedral interstices, Water molecules are omitted for clarity, (a ’ = 2a | 
+ c’ b, = b, c, 二 c) I 
4. Crystal Structure offerricyanic acid-HMT adduct H3[Fe"^(CN)6] • 2[(CH2)6N4] 
• 2H2O (5) 
Crystal data: Ci8H31N14O2Fe, K W. = 514.3, cubic, space group Fm3m O^o. 
225), a = 13.858(2), V= 2661(1) A', Z = 4，A = 1.329 g/m', ju = 0.610 nrni'V 
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Table 10 Selected bond lengths (A) and bond angles Q ofcompound 5 
Fe(l)-C(l) 2.00(3) C(2)-N(2) 1.438 (8) 
C(1>N(1) 1.12(3) 
C(l)-Fe(l)-C(la) 180.0(1) N(2)-C(2)-N(2g) 112.7(9) 
C(l)-Fe(l)-C(lb) 90.0(1) C(2)-N(2)-C(2f) 107.8(6) 
Fe(l)-C(l)-N(l) 180.0(1) 
Hydrogen bonds: 
N(2)...0(lW) 2.96(2) 0(lW).. .0(lWk) 2.57 (2) 
Symmetry code: 
(a) -X, -y, -z (b) +z, +x, +y (c) -z, -x, -y 
(d) +y, +z, +x (e) -y, -z, -x (f) 0.5-y, z, 0.5-x 
(g) X, 0.5-y, 0.5-z (h) 0.5-x，y, 0.5-z (i) 0.5-x, 0.5-y, z 
Q) z，0.5-x, 0.5-y (k)x, y，1.0-z 
As compared to the adducts of alkali and alkaline-earth metal 
hexacyanoferrates with HMT, the ferricyanic acid-HMT adduct (Figure 22a) is most 
significant due to its special character in the structural model of the above adducts. It 
can be regarded as the prototype of all other similar HMT adducts. To our 
knowledge, this is the first time that the crystal structure of compound 5 is fully 
determined by x-ray crystallography although it was reported in Pickardt's work. ； 
The structure of compound 5 has been refined in space group Fm3m QSFo. 
225) based on the structural model 2HMTH+ • H5O2+ • [Fe(CN)6]3_ with Z = 4. The 
Te(CN)6]3- ion lies in Wyckoff position 4(a) (0,0,0) of site symmetry m2m, while the 
HMT molecule is located at Wyckoff position 8(c) ( ^ V^ V^，of site symmetry 4 3m. 
The proton in HMTH^ is disordered over all four N atoms and the H5O2+ ion is 
disordered such that the 0 atoms are arranged about Wyckoff position 4(Z>) (½ '/； Vi), 
\ of site symmetry m2m. Apparently, the highly symmetric structure will not be 
distorted due to the absence of cation clusters. The hexacyanoferrate groups 
constitute the cubic face-centered lattice (Figure 22b) and the Fe"-C bond length is 
2.00(3) A The HMT molecule occupies a tetrahedral interstice, and possesses an 
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acidic H atom which is disordered over all four N atoms with '/4 site occupancy at each 
N atom. The disordered H5O2+ ion, as represented by atom 0( lw) at WyckofF position 
32(/) of site symmetry 3m，occupies an octahedral interstice in the form of a cubic 
water cluster centered at WyckofF position 4(b) (V? '/； V^ . Atom 0 ( lw) at a vertex has 
a site occupancy factor of only '/4(F1gure 23), and the interatomic distance between the 
oxygen atoms in the H5O2+ ion (a face diagonal of the cube) is 2.57(2) A(TabIe 10)， 
180 181 which indicates the hydrogen bond in the cationic species is relatively strong. ’ 
^ V ^ , ， 4 + W ^ 
" ' 喊 1 ^ i f r t r 
粉 4 ¾ ^ 
c®> > 3 ^ j P _ 1 
cow ^ 6 
CQJ) 
a b 
Figure 22 (a) A perspective drawing shows the unit cell content of compound 5，H 
atoms are omitted for clarity. Symmetry codes are listed in Table 10. (b) 
The regular face-centered cubic lattice formed by hexacyanoferrates. 
The protonated HMT molecule establishes the connection with the water 
cluster through hydrogen bonding involving all four nitrogen lone pairs. The 
interconnection between these two moieties, in the direction of the three-fold axis of 
HMT molecule, extend to three-dimension and generate a hydrogen-bonded 
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Figure 23 (a) Molecular packing showing the basic regular cubic lattice formed by 
hexacyanoferrates, with protonated HMT molecules occupying the 
tetrahedral interstices and forming hydrogen bonds with disordered H5O2+ 
ions arranged in a cubic cluster at an octahedral interstice, (b) One possible 
set ofsites for the oxygen atoms of a disordered H5O2+ ion. 
Therefore, the crystal structure of compound 5 can be described in terms of a 
three-dimensional host lattice constructed of protonated HMT molecules and cationic 
clusters which is capable of accommodating guest components. The hexacyanoferrate 
ions, which form the backbone of the regular face-centered cubic lattice, act as the 
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Figure 24 Molecular packing viewed along (110) showing the three-dimensional 
supramolecular framework in compound 5, highlighting the cationic host 
structure constructed of protonated HMT and water clusters through 
hydrogen bonding. The dimension of the channels in the host lattice is 
about 6.0 A. 
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Figure 25 Molecular packing of compound 5 viewed along (110) showing the host 
structure constructed of protonated HMT and water clusters via hydrogen 
bonding, with hexacyanoferrate guests filling in the channels. 
5. Crystal structure of cadmium chIoride-HMT adduct, Cd2[C6H12N4H2]Cl6 • 
3H2O (6) 
Crystal data.. C6H20N4O3Cl6Cd2, F. W. = 633.7，orthorhombic, space group 
Pbcm OSFo. 15), a = 9.133(1), b = 15.329(2), c = 12.526(4) A V= 1753.5(5)A',Z = 4, 
Dc = 2.393 g/cm^ ju = 3.350 mm\ 
Table 11 Selected bond lengths (A) and bond angles f ) of compound 6 
Cd(l)-Cl(l) 2.494 (3) Cd(l)-Cl(2c) 2.641 (2) 
Cd(l)-N(l) 2.460 (5) Cd(2)-Cl(2) 2.622 (2) 
Cd(l)-Cl(2b) 2.641 (2) Cd(2)-Cl(3) 2.655 (4) 
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Cd(2)-N(2) 2.431 (7) N(2)-C(3) 1.472 (7) 
Cd(2)-0(1) 2.346 (6) N(2)-C(4) 1.50(1) 
N(l)-C(l) 1.478 (7) N(3)-C(2) 1.473 (8) 
N(l)-C(2) 1.491(8) N(3)-C(4) 1.46(1) 
N(l)-C(3) 1.492 (7) 
Cl(l)-Cd(l)-N(l) 88.4(1) 0(l)-Cd(2)-Cl(3b) 84.5(6) 
Cl(l)-Cd(l>Cl(la) 180.0(1) Cl(2a)-Cd(2)-Cl(3b) 97.5(5) 
N(l)-Cd(l)-Cl(la) 91.6(1) Cd(2)-Cl(2)-Cd(la) 129.7(1) 
Cl(l)-Cd(l)-Cl(2b) 85.4(1) Cd(l)-N(l)-C(l) 107.0(4) 
N(l)-Cd(l)-Cl(2b) 89.6(1) Cd(l)-N(l)-C(2) 113.5(3) 
Cl(l)-Cd(l)-Cl(2c) 94.6(1) Q l ) _ ) - C ( 2 ) 108.4(5) 
N(l)-Cd(l)-Cl(2c) 90.4(1) Cd(l)-N(l)-C(3) 111.7(3) 
Cl(2b)-Cd(l)-Cl(2c) 180.0(1) C(l)-N(l)-C(3) 108.0(5) 
N(l)-Cd(l)-N(lA) 180.0(1) C(2) -N� -C(3) 108.0(4) 
Cl(lA>Cd(l)-N(la) 88.4(1) Cd(2)-N(2)-C(3) 110.3(3) 
Cl(2)-Cd(2)-Cl(3) 83.4(1) Cd(2)-N(2)-C(4) 110.7(5) 
Cl(2)-CdCT-N(2) 94.4(1) C(3)-N(2)-C(4) 107.9(4) 
Cl(3)-Cd(2)-N(2) 87.8(1) C(3)-N� -C(3a) 109.8(6) 
Cl(2)-Cd(2)-0(1) 90.8(1) C(4)-^K2)-C(3a) 107.9(4) 
Cl(3 ) -CcK2) -0 ( l ) 87 .9(1) CX2)-N(3)-C(4) 108 .8(4) 
N(2)-Cd(2)-0(1) 172.8(2) C(2)-N(3)-C(2a) 110.6(7) 
Cl(2)-Cd(2)-Cl(2a) 88.5(1) C(4)-N(3)-C(2a) 108.8(4) 
Cl(3)-Cd(2)-Cl(2a) 171.7(1) N(l)-C(l)-N(lb) 112.8(7) 
Cl(3)-CcK2)-Cl(3a) 104.8(2) N � - C � - N ( 3 ) 110.5(5) 
Cl(2)-Cd(2)-Cl(3b) 172.4(5) NW-C(3)-N(2) 111.4(5) 
01(3)-0(1印-(：1(35) 90.6(5) N(2)-C(4)-N(3) 111.3(7) 
N(2)-Cd(2)-Cl(3b) 89.9(6) 
Hydrogen bonding: 
0(l)---N(3d) 2.78(1) 0(1)---Cl(le) 2.97(1) 
N(3d)—0(l)—Cl(le) 101.4(7) 
Symmetry codes: 
(a) -x+l, -y+l, -z (b) -x+l,y+l/2,z (c) x, -y+l/2, -z 
(d) -X，y-1/2，-z+l/2 (e) -x+l, y-l/2, -z+l/2 
In the crystal structure of a related cadmium chloride-HMT adduct with the 
empirical formula 2CdCl2 • HMT • 5H2O/^^ there exist three types of cadmium 
coordination octahedra, CdCl4N2, CdCl2O2N2 and CdCl3O2, and a three-dimensional 
network is formed through linkage of HMT molecules and coordination octahedra by 
hydrogen bonding. However, in the current investigation, we found a new cadmium 
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chloride-HMT adduct with different stoichiometry and structural characteristics. 
In compound 6，two different cadmium coordination kernels, Cd(1)Cl4N2 and 
Cd(2)Cl4NO, are present and in both cases cadmium atoms occupy different special 
positions, Cd(” in WyckofF position 4(办）at an inversion center and Cd(2) in WyckofF 
position 4(c/) with point symmetry m. In the centrosymmetric Cd(1)Cl4N2 kernel, the 
cadmium atom is octahedrally surrounded by four chloride ions and two nitrogen 
atoms of different HMT molecules; among them, two chloride ions are shared with 
Cd(2) which coordinates with another two chloride ions in adjacent sites and HMT 
trans to a water molecule to form a non-centrosymmetric cadmium octahedral kernel 
(Figure 26). 
N(1a) 
Cl(2b) Cl(1) ^ 
7 ‘ ^ 
_ I Cl(2d) / / ^ ^ ^ ^ " " " ^ 
" ^ t ^ ^ ^ ) = ' J I C(2) ^yNdd) 
Cl(3d) (¾ ^ v s ^ ^ / I 
• 2 ) ‘ ⑷ ^ ^ ⑶ ） 
Figure 26 A perspective ORTEP drawing of compound 6，in which H atoms are 
omitted for clarity. Thermal ellipsoids are drawn at 50% probability level. 
Symmetry codes are listed in Table 11. 
Cadmium kernels are connected together through single chloride bridges to 
form an infinite polymeric zigzag chain, -Cd(2)-Cl(2)-Cd(1)-Cl(2)-Cd(2)- (Figure 27). 
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V ^ ^ ^ \ ^ ^ ^ A V , g ^ ‘ 
I ， ^ - ® ^ ^ - ^ ^ ^-^-^^ 
! c A / \ / \ / \ 
丨 b s g ^ ^ V ^ r ^ ¥ ^ ^ 3 ^ ® 
j Cd(2) , ^ ^-^^ ^-^^^ ^^^^ 
I \ f \ f \ J v ^ - H 3 ^ V - < 3 ^ ® - 8 H ^ b 
1 
Figure 27 Polymeric zigzag chains formed by Cd and C1 atoms in compound 6, with 
small crossed circles denoting Cd atoms. 
Three of the four nitrogen lone pairs of HMT molecule are involved in 
coordination with three cadmium atoms, two centrosymmetric Cd(” and one non-
centrosymmetric CcP), that belong to adjacent Cd-Cl zigzag chains. Thus the 
polymeric chains are cross-linked by HMT coordination to generate a two-dimensional 
corrugated layer (Figure 28). 
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Figure 28 Cross-linking of the polymeric Cd-Cl chains by HMT coordination generate 
a two-dimensional layer structure. 
Moreover, hydrogen bonding between the coordinated water molecule (as 
donor) and the free nitrogen lone pair of HMT (as acceptor) provides a non-
coordination interaction between the layers and generate a three-dimensional 
supramolecular host network, yielding hexagonal channels between adjacent layers. 
Thus, the three-dimensional framework may be regarded as being constituted of 
honeycomb-like hexagonal tubes with a separation of about 9 A between opposite 
comers o fa hexagonal cross-section (Figure 29). The O...N distance is 2.77(1) A A 
non-coordinated free solvent water molecule, which is found disordered in the unit 
cell, is accommodated in the hexagonal channel and forms relative weak hydrogen 
bonds (the 0---C1 distance is ca. 2.99 y^  with chloride ions of different layers to further 
stabilize the framework. 
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^%#%^^ 
> S ^ 3 % r ^ ^ ¾ ¾ 
Figure 29 From layers to three-dimensional framework, molecular packing of 
compound 6 down the c axis showing honeycomb-like structure formed 
between corrugated layers via hydrogen bonding. The dimension of the 
hexagonal channel is about 9 A. Disordered water are not shown. 
Although proton (acidic H atom) could not be located from the final Fourier 
difference map, it is undoubtedly bonded to non-coordinated nitrogen atom of HMT 
and directed towards ligand water molecule to form hydrogen bonding. 
6. Crystal structure of cadmium bromide-HMT adduct, C d B r � • 2[(CH2)6N4] • 
2H2O (7) 
Crystal data: C6Hi6N4O2Br2Cd, F. W. = 448.4, monoclinic, space group C2/c 
OSTo. 15), a = 24.719(6), b = 6.753(2), c = 16.952(4) A P= 119.510(0)。，F=2463(l) 
入3, Z = 8, A = 2.419 g/cm^ ju = 8.251 m m \ 
Table 12 Selected bond lengths (A) and bond angles f ) of compound 7 
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Cd(l)-Br(l) 2.667 (1) N(2)-C(1) 1.487 (9) 
Cd(l)-Br(2) 2.703 (1) N(2)-C(4) 1.47(1) 
Cd(l)-N(l) 2.535 (6) N(2)-C(5) 1.45 (1) 
Cd(l)-0(1W) 2.375 (5) N(3)-C(2) 1.486(9) 
Cd(l)-0(2W) 2.377 (6) N(3)-C(4) 1.460(9) 
Cd(l)-Br(2a) 2.708 (1) N(3)-C(6) 1.48(1) 
Br(2)-Cd(la) 2.708 (1) ^K4)-C(3) 1.48(1) 
N(l)-C(l) 1.467 (8) N(4)-C(5) 1.468 (9) 
N(l)-C(2) 1.48(1) N(4)-C(6) 1 . 4 8 ( 1 ) 
N(l)-C(3) 1.49(1) 
Br(l)-Cd(l)-Br(2) 172.7(1) Cd(l)-N(l)-C(3) 114.8(4) 
Br(l>Cd(l)-N(l) 90.2(1) C X l ) _ ) - C ( 3 ) 108.2(5) 
Br(2)-Cd(l)-N(l) 92.6(1) CX2)-N(l)-C(3) 109.9(7) 
Br(l>Cd(l)-0(lW) 90.2(1) C(l)-N(2)-C(4) 107.8(5) 
Br(2)-Cd(l)-0(lW) 83.4(1) Ql)-N(2)-C(5) 107.8(5) 
N(l)-Cd(l)-0(1W) 85.6(2) C(4)-TsK2)-C(5) 108.7(7) 
Br(l)-Cd(l)-0(2W) 91.1(1) C(2)-N(3)-C(4) 109.4(7) 
Br(2)-Cd(l)-0(2W) 85.0(1) C(2)-N(3)-C(6) 107.1(5) 
N(l>Cd(l)-0(2W) 170.0(2) C(4)-N(3)-C(6) 108.4(5) 
0(lW)-CcKl)-0(2W) 84.6(2) C(3)-N(4)-C(5) 108.3(7) 
Br ( lK^ l ) -Br (2a ) 100.0(1) C(3)-N(4)-C(6) 108.3(5) 
Br(2)-Cd(l)-Br(2a) 86.7(1) C(5)-N(4)-C(6) 107.6(5) 
N(l)-Cd(l)-Br(2a) 91.2(1) 则 - “ 肿 ⑵ 112.3(7) 
0(lW>Cd(l>Br(2a) 169.4(1) NW-Q2)-N(3) 111.0(5) 
0(2W)-Cd(l)-Br(2a) 98.3(1) NW_C(3)-N(4) 110.5(5) 
Cd(l)-Br(2)-Cd(la) 93.3(1) N(2)-Q4)-N(3) 111.8(5) 
Cd(l)-N(l)-C(l) 109.0(5) N� -C(5) -N(4) 112.9(6) 
C d � - N � - C ( 2 ) 107.2(4) N(3)-C(6)-N(4) 112.6(8) 
C(l)-N(l)-C(2) 107.6(5) 
Hydrogen bonds: 
0(lW)...N(2b) 2.81 (1) 0(2W)...N(3c) 2.79 (1) 
0(lW)...Br(le) 3.34(1) 0(2W)...N(4d) 2.99(1) 
N(2b)...0(lW)...Br(le) 95.4 (8) N(3c)�0(2W)...N(4d) 98.6 (8) 
Symmetry codes: 
(a) 0.5-x, 0.5-y, 2-z (b) -x, +y, 1.5-z (c) +x, -y, 0.5+z 
(d) +x, 1-y，Q.5+z (e) +x, 1+y，+z 
Previous studies on properties ofHMT led to the structural characterization of 
cadmium bromide-HMT adduct 3CdBf2 • 3HMT • llH2O/^^ in which the cadmium 
atoms show two coordination geometries: bipyramidal and octahedral coordination. 
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However, our recent investigation has revealed a new cadmium bromide-HMT adduct, 
7. 
In compound 7，the cadmium atom is octahedrally coordinated by three 
bromide ions, one nitrogen atom ofHMT and two water molecules. The bromide ions 
and one water molecule lie at the corners of the square basal plane with HMT trans to 
the other water molecule in the resulting coordination octahedron. Two equivalent 
bromide atoms are shared as a common edge by two adjacent cadmium-octahedron, i. 
e., two cadmium atoms in adjacent coordination kernels are bridged by two bromide 
ions, and the third bromide ion serves as a terminal ligand. The unit cell consists o f a 
packing of centrosymmetric cadmium dimers (Figure 30)，and there is only van der 
Waals interaction between the dimers. 
Br(1) ⑶丨 N(2) 
: ^ L ^ % " 
" " ' ^ ^ ^ ¾ ¾ : 
B r ( 2 ) ^ ® B r ( 2 a ) 
� � ) € ^ ^ ^ ' ^ \ / 
N(3o) ^ " " " ^ | ^ " ^ ^ 7 = ^ ^ ^ ^ ^ = # 0(2wo, 
C(4a) ^ H - T ^ - ^ yV t^Onw。） 
N(2a) C(1a) A 
^ B r ( 1 a ) 
Figure 30 A perspective ORTEP drawing showing the unit-cell content of compound 
7. The H atoms are omitted for clarity. Thermal ellipsoids are drawn at 
50% probability level. Symmetry codes are listed in Table 12. 
One of the nitrogen atom ofHMT coordinates with the cadmium atom, and out 
of the remaining three nitrogen atoms, two are involved in hydrogen bonding. One 
nitrogen atom of HMT forms an acceptor hydrogen bond with the water molecule 
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trans to HMT; the N . " 0 distance is 2.79(1) k, and hydrogen bonds formed along this 
direction connect cadmium dimers to generate an infinite layer framework. Further 
hydrogen bonds between another nitrogen atom of the HMT and a second water 
molecule with the O. . .N distance at 2.81(1) A extend the layer structure to a three-
dimensional framework. Weak hydrogen bonds between the water molecules and 
terminal bromide ions (0 . "Br ca. 3.3 � 3 . 4 f^ and even weak interactions between 
bromide atoms (Br...Br ca. 3.5 ^ assemble the structure into a supramolecular 
framework (Figure 31). Two kinds of rectangle-like cavities are present in the 
framework, one being formed between cadmium dimers and the other generated 
between layers, with dimensions of ca. 8.37 x 3.82 and 6.93 x 4.00 A, respectively 
^ ¾ ^ ^ 
i ^ ^ ^ : ; ^ ^ ^ f t ^ 
4 ^ V ^ ^ 
i # W ^ ^ ^ S 
Figure 31 Molecular packing down the b axis of compound 7，showing the three-
dimensional supramolecular framework generated by hydrogen bonded 
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7. Crystal structure ofcadmium iodide-HMT adduct, 3Cdt • 2[(CH2)6N4] • 4H2O 
(8) 
Crystaldata: C12H32N8O4l6Cd3, F. W. = 1451.1，monoclinic, space group P2i/n 
OSTo. 14), a = 8.152(6), b = 10.463(2), c = 18.475(5) Ay^=98.110(0)。，F= 1560(1) 
足 Z = 2, A = 3 . 0 8 9 gAmi3, / / = 7 .995 m m \ 
Table 13 Selected bond lengths (A) and bond angles 0 of compound 8 
Cd(l>I(l) 2.834 (2) _ - C ( 3 ) 1.497 (9) 
Cd(l)-I(2) 2.723 (2) N(2)-C(2) 1.483 (9) 
Cd(l)-I(3) 2.715 (2) N(2)-C(5) 1.473 (9) 
Cd(l)-N(l) 2.410 (6) >^ 印-€(6) 1.48 (1) 
Cd(2)-I(l) 2.946 (2) N(3)-C(3) 1.471 (9) 
Cd(2)-0(lw) 2.261 (6) N(3)-C(4) 1.48 (1) 
Cd(2)-I(lA) 2.946 (2) N(3)-C(6) 1.48 (1) 
Cd(2)-N(4b) 2.553 (6) N(4)-C(1) 1.493 (9) 
Cd(2)-0(lwa) 2.261 (6) N(4)-C(4) 1.48 (1) 
N(l)-C(l) 1.489 (9) N(4)-C(5) 1.486 (9) 
N(l)-C(2) 1.49(1) 
I(l)-Cd(l)-I(2) 112.4(1) Cd(l)-N(l)-C(l) 108.2(4) 
Kl)-CcKl)-I(3) 105.9(1) Cd(l)-NW-C(2) 109.1(4) 
1印-0(^1)-1(3) 133.5(1) Q l ) - N W - Q 2 ) 108.8(5) 
I(l)-Cd(l)-N(l) 1 0 1 . 0 " Cd(l)-NW-C(3) 113.2(4) 
I(2)-CcKl)-N(l) 99.2(1) Ql)-NW-C(3) 108.6(5) 
I ( 3 ) - C d � - N ( l ) 98.2(1) C(2 ) -N� -C(3) 108.9(6) 
I(l)-Cc^2)-0(lw) 84.4(1) C(2)-N(2)-C(5) 109.4(6) 
妖1)-04印-1(1&) 180.0(1) C(2)-N(2)-C(6) 109.5(6) 
0(lw)-Cd(2)-I(la) 95.6(1) C(5)-N(2)-C(6) 108.5(6) 
I(l)-CcK2)-N(4b) 91.1(1) C(3)-N(3)-C(4) 107.5(6) 
0(lw)-Cd(2)-N(4b) 89.8(2) C(3)-N(3)-C(6) 109.7(6) 
I(la)-CcK2)-N(4b) 88.9(1) C(4)-N(3)-C(6) 107.7(5) 
I(l)-CcK2)-N(4c) 88.9(1) Qi)-N(4)-Q4) 108.3(5) 
0(lw)-Cd(2)-N(4c) 90.2(2) CXl)-N(4)-C(5) 108.1(5) 
I(la)-Cd©-N(4c) 91.1(1) CX4)-N(4)-C(5) 108.2(6) 
N(4b)-Cd(2)-N(4c) 180.0(1) CXl)-N(4)-Cd(2f) 115.9(4) 
I(l)-Cd(2)-0(lwa) 95.6(1) C(4)-N(4)-Cd(2f) 109.6(4) 
0(lw)-Cd(2)-0(lwa) 180.0(1) C(5)-N(4)-Cd(2f) 106.5(4) 
I(la)-Cd(2)-0(lwa) 84.4(1) NW-CXl)-N(4) 110.7(6) 
N(4b)-Cd(2)-0( 1 wa) 90.2(2) N( 1 )-C(2)-N(2) 110.1 (6) 
N(4c)-CcK2)-0(lwa) 89.8(2) N� -C(3) -N(3) 111.3(5) 
Cd(l)-I(l)-Cd(2) 108.1(1) N(3)-C(4)-N(4) 112.5(6) 
I 
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_ - C ( 5 ) - N ( 4 ) 111.3(5) _ - C ( 6 ) - N ( 3 ) 111.3(6) 
Hydrogen bonding: 
0(lw).. .N(3e) 2.833(6) 0(2w)...N(2d) 2.900(6) 
0( lw). . .0(2w) 2.737(6) 
Symmetry codes: 
(a) -X, 1.0-y, -z (b) -0.5-x, 0.5+y, -0.5-z (c) 0.5+x, 0.5-y, 
0.5+z 
(d) 0.5+x, 1.5-y，0.5+z (e) 0.5-x, 0.5+y, -Q.5-z (f) -0.5-x, -Q.5+y, -0.5-z 
As a systematic study of the structural characterization of cadmium halides-
HMT adducts, we also prepared and determined the structure of cadmium iodide-
HMT adduct, which proved to be in consistence with previous finding/^^' ^^ '^ with an 
empirical formula 3CdI2 • 2HMT • 4H2O. However, some interesting structural 
features that not being mentioned in above papers are presented here. 
Compound 8 contains two types of cadmium(II) ions in tetrahedral and 
octahedral coordination geometries. Atom Cd(” is coordinated with three iodide ions 
1(1)，I(2), 1(3)，and one N atom of the HMT molecule in a distorted tetrahedron, with 
resulting from the fact that iodide, as the largest ion among the halides，is more space-
demanding, thus N i^) — Cd(i) — I bond angles are distorted to ca. 101.0(1), 99.2(1) 
and 98.2(1)° for I(", I(2) and I^，respectively [Cd(” -NHMx 2.410(6) A Cd") - I(” 
2.834(2) A Cd(i) - I(2) 2.723(2) A Cd(” - ！⑶ 2.715(2) ¾^. Atom CcP) is located at 
WyckofF position 2(c) with point symmetry 1，surrounded by pairs of /ram^related 
iodide ions, N atoms ofHMT molecules and water molecules in a regular octahedron 
(Figure 32). The Cd(】）tetrahedron and Cd(2) octahedron are sharing common iodide 
ion I(i) at the corners, while other two iodide ions only act as terminal ligands. 
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Figure 32 A perspective ORTEP drawing showing the unit-cell content of compound 
8. The H atoms are omitted for clarity. Thermal ellipsoids are drawn at 
35% probability level. Symmetry codes are listed in Table 13. 
The adduct is coordination polymeric and may be regarded as built up from 
groups ofCd(i)-I(i)-Cd(2)-I(i)-Cd(i) units, neighboring Cd3 units are interlinked by HMT 
molecules that each provides two N-ligating, thus generate a infinite zigzag two-
dimensional layer (Figure 33). These layers are nearly parallel to each other and form 
a close-packing (Figure 34) in three-dimensional space. Predictable, hydrogen bonds 
between ligating and non-coordinated water molecules and N atoms of HMT 
molecules crosslink the layers to form a three-dimensional supramolecular framework 
(Figure 35). HMT molecule make full use of the four N lone pairs involving 
coordination and hydrogen bonding in compound 8. 
I i 1 I 
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i ^ i ^ . ^ 
Figure 33 Molecular packing down the a axis of compound 8，showing a two-
dimensional layer formed by HMT-interlinked Cd(”-Cd(2)-Cd(” units. 
A^^^# 
. m ^ ^ ^ ^ m { ^ 
^ ^ r f l ^^^^ 
# ^ ^ 
Figure 34 Molecular packing down the b axis showing the close-packing of the two-
dimensional zigzag layers in compound 8. 
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Figure 35 Molecular packing down the b axis in compound 8，showing the three-
dimensional supramolecular framework generated by hydrogen bond 
crosslinked layers. 
8. Crystal structure of cadmium thiocyanate-HMT adduct Cd(SCN)2 • 
H(CH2)6N4] • MeOH (9) 
Crystal data.. C6H10N4OS2Cd, F. W. = 330.7, monoclinic, space group P2/c 
OS[o. 13)，a = 8.960(4)，b = 9.211(2)，c = 13.883(2) A P = 107.990(0)。，V = 
1089.8(7)入3，Z = 4，A = 2.016 gA^m�，“=2.360 m m \ 
Table 14 Selected bond lengths (A) and bond angles f ) of compound 9 
Cd(l)-S(2) 2.707 (2) CcK2)-N(2) 2.271 (6) 
Cd(l)-N(l) 2.252 (6) Cd(2)-0(1) 2.332 (7) 
Cd(l)-N(3) 2.536 (6) S(l)-C(l) 1.646 (8) 
Cd(2)-S(l) 2.699 (3) S(2)-C(2) 1.635 (8) 
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N(l)-C(l) 1.15 (1) N04)-C(6) 1.486 (8) 
N(2)-C(2) 1.16(1) N(4)-C(5c) 1.47(1) 
N(3)-C(3) 1.469 (9) C(5)-N(4c) 1.47(1) 
N(3)-C(4) 1.490 (9) C(6)-N(4c) 1.486 (8) 
N(3)-C(5) 1.488 (9) 0(l)-C(7) 1.42(1) 
N(4)-C(3) 1.46(1) 
S(2)-Cd(l)-N(l) 93.9(2) S(l)-Cd(2)-0(lb) 176.0(1) 
S(2)-Cd(l)-N(3) 90.2(1) N(2)-Cd(2)-0(lb) 82.2(2) 
N(l)-Cd(l)-N(3) 87.8(2) 0(l)-Cd(2)-0(lb) 85.2(3) 
S(2)-Cd(l)-S(2a) 180.0(1) S(lb)-Cd(2)-0(lb) 92.5(2) 
N(l)-Cd(l)-S(2a) 86.1(2) N(2b)-CcK2)-0(lb) 90.7(2) 
N(3)-Cd(l)-S(2a) 89.8(1) Cd(2)-S(l)-C(l) 94.0(3) 
S(2)-Cd(l)-N(la) 86.1(2) Cd(l)-S(2)-C(2) 98.6(3) 
N(l)-Cd(l>N(la) 180.0(1) Cd(l)-N(l)-C(l) 164.4(6) 
N(3)-Cc^l)-N(la) 92.2(2) S(l)-C(l)-N(l) 179.2(8) 
S(2a)-Cd(l)-N(la) 93.9(2) Cd(2)-N(2)-C(2) 151.7(7) 
S(2)-Cd(l)-N(3a) 89.8(1) S(2)-C(2)-N(2) 178.6(6) 
N(l)-Cd(l)-N(3a) 92.2(2) Cd(l)-N(3)-C(3) 108.4(5) 
N(3)-Cd(l)-N(3a) 180.0(1) Cd(l)-N(3)-C(4) 117.9(5) 
S(2a)-CcKl)-N(3a) 90.2(1) C(3)-N(3)-C(4) 107.1(5) 
N(la)-Cd(l)-N(3a) 87.8(2) Cd(l)-N(3)-C(5) 107.0(4) 
S(l)-CcK2)-N(2) 94.6(2) C(3)-N(3)-C(5) 109.0(6) 
S(l)-Cd(2)-0(1) 92.5(2) C(4)-N(3)-C(5) 107.3(5) 
^K2)-Cd(2)-0(1) 90.7(2) C(3)-N(4)-C(6) 108.5(5) 
S(l)-Cd(2)-S(lb) 90.1(1) C(3)-N(4)-C(5c) 108.4(6) 
NCT-Cd(2)-S(lb) 92.2(2) C(6)-N(4)-C(5c) 108.9(6) 
0(l)-Cd(2)-S(lb) 176.0(1) N(3)-C(3)-N(4) 112.9(7) 
S(l)-CcK2)-N(2b) 92.2(2) N(3)-C(4)-N(3c) 112.3(8) 
N(2)-Cd(2)-N(2b) 170.4(4) N(3)-C(5)-N(4c) 111.4(5) 
0(l)-CcK2)-N(2b) 82.2(2) N(4)-C(6)-N(4c) 110.8(8) 
S(la)-Cc^2)-N(2lD) 94.6(2) Cd(2)-0(l)-C(7) 126.2(6) 
Hydrogen bonding: 
Ol...N(4e) 2.84(1) Ol...N(2b) 3.03(1) 
Symmetry codes: 
(a) -l-x, l-y, -z， (b) -x, +y, 0.5-z (c) -l-x, +y, 0.5-z (d) -x, l-y, -0.5+z 
(e) -X，-l+y, 0 . 5 - z 
Two independent cadmium(II) atoms in different octahedral coordination 
environments are observed in the crystal structure of Compound 9 (Figure 36). Atom 
Cd(i) is located at WyckofF position 2{b) with point symmetry 1，and coordinated by 
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pairs of /raw5-related HMT molecules, thiocyanate-A^ groups and thiocyanate-5' groups 
[Cd-NHMT 2.536(6) A Cd-NNcs 2.252(6) A Cd-SscN 2.707(2) A\. The coordination 
octahedron of atom Cd(i) is nearly regular, the most distorted angle being S(2)-Cd(1)-N 1^) 
=93.9(2)°. Atom CcP lies in WyckofF position 2(e) with point symmetry 2, being six-
coordinated by two cw-related oxygen atoms of solvent methanol molecules and four 
thiocyanates, two binding through N atoms and the other two via S atoms, with the N-
ligating isothiocyanates in trans and the S-ligating thiocyanates in cis positions [Cd-
OMeOH 2.332(7) A Cd-NNcs 2.271(6)A Cd-SscN 2.699(3) ^ . The most distorted angle 
ofthis coordination octahedron is 0(l)-Cd(2)-N(2b) = 82.2(2)°. 
• ^ • ! ^ ^ ^ ^ C ( 5 c ) 
! N - ^ ^ - , : ¾ 
c ^ ^ ' L r S c , 4 ) s n b � ^2b, 
pN(3) \ ^ C ( 2 b ) N I 2 ^ ^ " ^ ^ ^ ^ ^ ^ ^ ^ 
^ » _ _ ^ ^ - r " " ^ ^ ! ! g ^ _ _ ^ » _ f ^ ~ Y S ~ S 
sl5^(1a) _ , 3 , g ^ ^ . O.h 
C 1 4 0 l t f ^ C ( 5 a > � ^ 
N(3d)^i--<@>H^N(4d) J 1 C(3d) / C(5d)^^^:<_^C(6d 
N(4a) 
Figure 36 A perspective ORTEP drawing of the unit cell content of compound 9，H 
atoms are omitted for clarity. Thermal ellipsoids are drawn at 50% 
probability level. Symmetry code are list in Table 14. 
According to the concepts of hard/soft acid/base,i89 thiocyanate Q<\CS) group, 
while coordinated through N atom (isothiocyanate), represents a hard base, whereas a 
S-coordinated NCS group is considered as a soft base (thiocyanate).^^ Although 
cadmium is assigned to the group of soft acid, the fact that cadmium can coordinate to 
NCS either through N atom or via S atom has been widely observed in many cases.^^' 
189 In compound 9，the NCS group also acts as a bridge ligand to coordinate with 
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cadmium atoms and the average bond lengths of N-C and C-S are 1.640(8) and 
1.15(1) A respectively. The average bond angle N-C-S = 178.9(8)° is consistent with 
the fact that thiocyanate group is a linear pseudohalide. The isothiocyanate-
coordinated bond Cd-N is approximately parallel to the linear NCS group with bond 
angle Cd-N-C ranging from 151.7(7) to 164.4(6)°，while the thiocyanate-coordinated 
bond Cd-S is nearly perpendicular to the NCS group, with Cd-S-C lying between 
94.0(3) and 98.6(3)°. Thus two crystallographic independent cadmium atoms, Cd") 
and Cd(2), form a roughly rectangular coordination geometry through two bridged NCS 
groups, Cd and S atoms occupy the corners. For atom Cd(l), four coordinated NCS 
groups are almost coplanar (the mean deviation of Cd(l) and NCS groups from 
coplanarity is about 0.076 々 ，however, for atom Cd(2), two NCS groups are in cis 
sites while the other two in trans sites. In the polymeric infinite chain generated by Cd 
atoms and NCS groups, the basic unit of the chain consists of an approximately 
coplanar [Cd30S[CS)4] unit (mean deviation 0.076 A Figure 37)，which is formed by 
two [Cd2CNCS)2] coordination rectangles with a shared Cd(” corner. The [CdsC^^CS)^ 
units are connected together via sharing of consecutive CcP corners and as a 
consequence of the non-planar coordination pattern at CcP)，a ribbon-like zigzag 
polymeric chain is formed (Figure 38). 
Cd2 N2 ^2 
r ^ ^ T N - f ^ 
£ r ^ c r 
Figure 37 [Cd3O^CS)4] units are joined together, with a bent at each CcP) atom, to 
give a polymeric chain in compound 9. 
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^^^1^^^¾:¾:¾:^^!=^^¾¾^::^^¾^¾^ 
^ ^ # ^ ¾ : : % ^ ^ ^ ^ ^ ¾ ^ ^ ¾ ^ ¾ ^ ^ ^ ^ ^ ¾ ^ 
^ : : ¾ : ^ ^ ; : ¾ ^ % ¾ % % ^ ^ ^ ¾ ^ ^ " ^ ^ ^ 0 
j ; : : r t : ^ ^ % ^ 1 ^ ^ l ^ ^ ^ % ^ ^ ^ ^ ^ ^ ^ 
^ : : ^ % ^ ^ ¾ : : ¾ : ^ ½ ^ ¾ ¾ ¾ ^ ^ ^ ^ ^ ^ ^ ^ 
t s ^ % f ^ 
f f ^ ^ % d ^ b 
/ V ^ % f 
Figure 38 Molecular packing showing the infinite polymeric chains in compound 9. 
(a) Packing down the b axis showing from [Cd3O^CS)4] unit expands to 
polymeric chain; (b) Packing down the a axis, a side view, showing the 
sawtooth-like layer structure. 
The backbone of the polymeric chain may be simplified as a zigzag infinite 
cadmium chain, -Cd(2)-Cd(i)-Cd(2)-Cd(i)-, where the Cd(1)-Cd(2) distance is about 5.68 A, 
the Cd(2)-Cd(1)-Cd(2) unit is linear with bond angle 180°, and the Cd(1)-Cd(2)-Cd(D has a 
bent angle 113.4° (Figure 39). As shown in Figure 39a, the CcP) atoms lie at apexes 
of the sawtooth-like chain while the Cd(” atoms are located at the mid-point of the 
apexes, HMT molecules which are coordinated with Cd(” in trans sites insert in the 
interstices ofthe sawtooth-like structure. Each HMT molecule provides two N atoms 
to bind with Cd(” and thusjoin two Cd(" atoms between adjacent units, since the Cd(i)-
Cd(2)-Cd(" angle [ca. 113.4°] is consistent with that ofthe N-C-N bond angle in HMT 
[average 111.9�]. The HMT coordination geometry thoroughly match with the space 
in the cadmium sawtooth-like structure. Moreover, two non-coordinated 
65 
Chapter 3 : Description of Crystal Structures Xue Feng, 1996 
crystallographic equivalent N atoms of HMT point to CcP) apexes of the neighboring 
layer, which possesses methanol ligand groups. Apparently, hydrogen bonds are also 
formed between layers P^. . .0 distance is 2.81(1) A\. The cross-linked layers generate 
a three-dimensional supramolecular framework (Figure 40). Interestingly, a similar 
polymeric sawtooth-like structure can also be identified from the three-dimensional 
framework generated by coordination interaction between Cd(i) and HMT, -Cd(i)-
HMT-Cd(i)-HMT-, which intersect with the pre-described cadmium chain at atom 
Cd^ \^ 
\ ^ s ^ y ^ ^ " % ^ ^ ^ ^ ^ � 
" ^ ^ ^ v ^ ^ 
! • # 
Figure 39 Polymeric chains in compound 9. Only Cd atoms are shown to highlight 
the backbone, (a) Viewed down a axis showing the sawtooth-like layer 
structure; (b) Viewed down c axis showing the crisscrossed zigzag chains; 
(c) Viewed down b axis showing the parallel layer structure. 
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S ^ ^ S ^ 
^ m 
Figure 40 Molecular packing down the a axis showing the three-dimensional 
framework in compound 9. Two polymeric chains, Cd(l)-HMT-Cd(l) 
and Cd(2)-Cd(l)-Cd(2) intersect to each other, hydrogen bonds between 
layers stabilize the structure. 
9. Crystal structure of cobalt cyanate-HMT adduct C0(NCO)2 • [(CH2)6N4] • 
2H2O (10) 
Crystal data: C8Hi6N6O4Co, F. W. =319.2, monoclinic, space group C2/c Q<io. 
15), a = 9.239(1), b = 11.324(1), c = 12.606(4) kP= 108.210(0)。，F= 1252.8(4) A), 
Z = 4, D c = 1.692 g/cm^ ju = 1.392 mm] 
Table 15 Selected bond lengths (A) and bond angles f ) of compound (10) 
Co(l)-N(l) 2.046 (2) Co(l)-0(2) 2.096 (2) 
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Co(l)-N(ll) 2.346 (2) N(12)-C(11) 1.472 (3) 
N(l)-C(l) 1.158(3) N(12)-C(12) 1.476(3) 
C(l)-0(1) 1.211 (3) N(12)-C(14) 1.479 (3) 
N( l l ) -C( l l ) 1.486 (3) C(12)-N(llb) 1.488 (3) 
N(ll)-C(13) 1.486 (3) C(13)-N(llb) 1.486(3) 
N(l)-Co(l)-0(2) 90.6(1) Co(l)-N(l)-C(l) 165.7(2) 
N(l)-Co(l)-N(ll) 90.2(1) N(l)-C(l)-0(1) 179.5(3) 
0(2)-Co(l)-N(l 1) 88.2(1) Co(l>N(l 1)-C(11) 107.1(1) 
N(l)-Co(l)-N(la) 180.0(1) Co(l)-N(l l)-C(13) 110.9(1) 
0(2)-Co(l)-N(la) 89.4(1) C(11)-N(1 l)-C(13) 107.7(2) 
N(1 l>Co(l)-N(la) 89.8(1) Co(l)-N(l l)-C(12a) 115.4(1) 
N(l)-Co(l)-0(2a) 89.4(1) C(11)-N(1 l)-C(12a) 107.3(2) 
0(2)-Co(l)-0(2a) 180.0(1) C(13)-N(1 l)-C(12a) 108.0(1) 
N(ll>Co(l)-0(2a) 91.8(1) C(ll)-N(12)-C(12) 108.3(2) 
N(la)-Co(l)-0(2a) 90.6(1) C(1 l)-N(12)-C(14) 108.0(2) 
N(l)-Co(l)-N(l la) 89.8(1) C(12)-N(12)-C(14) 109.4(1) 
0(2>Co(l)-N(lla) 91.8(1) N(1 l)-C(H)-N(12) 112.9(1) 
N(1 l)-Co(l)-N(l la) 180.0(1) N(12)-C(12)-N(1 lb) 111.8(2) 
N(la)-Co(l)-N(l la) 90.2(1) N(11)-C(13>N(1 lb) 112.4(2) 
0(2a)-Co(l)-N(l la) 88.2(1) N(12)-C(14)-N(12a) 110.8(2) 
Hydrogen bonds: 
0(2)...N(la) 2.913(3) 0(2)...N(12e) 2.783(3) 
0(2)...N(1) 2.945(3) 0(2)...N(11) 3.098(3) 
0(2)...0(ld) 2.777(3) 
Symmetry codes: 
(a) -X，-y, -z (b) -x, +y, 0.5-z (c) +x, -y, -0.5+z 
(d) -0.5+x，0.5+y，+z (e) 0.5+x’ 0.5+y，+z 
Compound 10 contains an octahedrally coordinated cobalt(II) atom which 
occupies Wyckoff position 4(a), being centrosymmetricalIy coordinated by pairs of 
rraw5-related HMT nitrogen atoms, isocyanate (NCO") nitrogen atoms, and aqua 
oxygen atoms as shown in Figure 41. The observed bond distances are Co-NHMT 
2.346(2)A Co-NNco 2.046(2) Aand Co-Oaq 2.096(2) A The coordination octahedron 
is in a practically regular geometry with the most distorted angle of Oaq-Co-NHMi 
88.2(1)°. The oxygen atom of the NCO' group is not involved in coordination; the 
dimensions N-C 1.158(3) A C-0 1.118(3) Aand bond angle N-C-0 = 179.5(3)° are 
I consistent with the fact that the cyanate group is a linear pseudohalide, The Co-N-C 
(isocyanate) bond angle is 165.7(2)°, being in the range of 150-180° expected for 
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partial sp- and sp^- hybridization of the N atom in cyanate, where a clear tendency of 
sp- hybridization can be observed. 
0 ( 1 a ) ^ p 
C(1a)|^ 
N ( 1 a ) 森 C(12c) N(12c) _ 
c . . ^ « ' \ S ' f - ^ 广 . ¾ < ^ ^ ^ : ^ ¾ = -½¾^, S L； cS^-
^C(1) 
敏0(1) 
Figure 41 A perspective ORTEP drawing of compound 10 showing the unit cell 
content. H atoms are omitted for clarity. Thermal ellipsoids are drawn at 
50% probability level. Symmetry codes are listed in Table 15. 
The HMT molecule is the only bridging ligand in compound 10 to connect the 
cobalt atoms, while the isocyanate groups and water molecules act only as terminal 
ligands. Two equivalent N atoms ofHMT are involved in coordination interaction and 
generate a polymeric zigzag chain, Co-HMT-Co-HMT (Figure 42). Figure 43 shows 
the Co-HMT zigzag chains assemble into a interlaced array in three-dimensional space 
rather than form layers. 
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瞧 嚇 ^ ¾ ^ ^ 
Figure 42 Molecular packing down the a axis highlighting the polymeric zigzag 
chains formed by Co-HMT-Co coordination in compound 10. 
兮 % 
, ^ f i f i 
6脅,、例卞發 
0 ? i # i % ^ 0 
i t o f o 4 
e i 
Figure 43 Molecular packing down the c axis. A side view of the polymeric zigzag 
chains reveals the assembly of the chains in an interlaced manner in three-
dimensional space rather than forming a layer structure. 
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The oxygen atom of the terminal NCO group and the aqua oxygen atom form 
hydrogen bonds between the chains, with Oaq...ONco 2.777(3) Aand Oaq."ONco...N 
132.0(3)°. The HMT molecule makes full use of its four nitrogen lone pairs: beside 
two being ligated to Co(II), the other two equivalent N atoms also form acceptor 
hydrogen bonds with the aqua oxygen atoms at Oaq.. .NnMr 2.783(3) A and 
NHMT...Oaq."ONco 89.1(3)�. Thesc hydrogen bonds establish cross-linking among the 
polymeric chain and stabilize the three-dimensional framework (Figure 44). 
^ ¾ 
_ 
Figure 44 Molecular packing down the a axis showing the polymeric zigzag chains 
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Chapter 4: Summary and discussions 
All five HMT-hexacyanoferrate adducts, 1 � 5 , conform to the structural model 
of alkali and alkaline-earth metal hexacyanoferrate-HMT adducts as proposed by 
Pickardt.i57 Many transition-metal hexacyanoferrates crystallize in a face-centered 
lattice and generate three-dimensional structures based on the linkage of Fe and M 
metal ions by a cyano bridge, —Fe^N—M—NC—/^^ ' ^^ '^ ^^ ^ and the tetrahedral 
interstices in the face-centered lattice are only occupied partially and randomly by M 
cations; in general, the lattice constants are a ^ h ^ c ^ 10 A The HMT adducts, 
obtained by introducing HMT molecules into alkali and alkaline-earth metal 
hexacyanoferrates, exhibit a structural similarity to the above compounds, but the 
tetrahedral interstices are entirely occupied by HMT molecules. In compared with 
metal ions, the HMT molecule is more space-demanding and thus the lattice constants 
are enlarged to ca. 14 A.^" 
In HMT adducts of alkali and alkaline-earth metal hexacyanoferrates, the 
hexacyanoferrate ions form a basic lattice that is close to face-centered cubic, with the 
-CN ligands orientated in the principle directions of the octahedral interstice. The 
tetrahedral interstice (V4 V^  V^  is occupied by HMT molecule, and the octahedral 
interstice (½ 0，0) is filled up by a cation-water cluster such as Li3(H2O)5/^^ Li4(H-
2O)5/53 Na3(H2O)5/'' K2(H2O)4/'' Ca2(H2O)4/56 Sr(H2O)5 or Ba(H2O)4.157 The HMT 
to [Fe(CN)6] ratio is 2:1 for nearly all adducts according to such a packing 
arrangement, while exceptions occur when there are not enough octahedral interstices 
to hold all hydrated cation species, in which case, a limited number of cations (possibly 
with different hydration numbers) may take up the tetrahedral interstices and thus 
reduce the HMT-[Fe(CN)6] ratio to 1:1 • ^ ^^  
Compound 5, with the highest symmetry, is the prototype of other related 
compounds. The hexacyanoferrates form a regular cubic face-centered lattice with 
tetrahedral interstices occupied by HMT molecules and octahedral interstices occupied 
by water clusters, the dimension of the basic lattice being 13.858(2) A With the 
introduction of cations into the structure，the octahedral interstices are occupied by 
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disordered H5O2+ ions in the form of cubic cation-water clusters, thereby distorting the 
ideal face-centered lattice to various extents depending on the size of the metal cation. 
For the Li-HMT adduct, which has the smallest metal cation, the cell constants are 
around 9，10，14 A^"' ^^ '^ ^" whereas the Sr-HMT adduct has the largest cell constants, 
ca. 19，19, 16 或157 that are each nearly twice as large. In compounds 1 and 2，the 
K2(H2O)4 cluster deforms the lattice to ca. 9，17，17 k, however, in compound 3，since 
the sodium cation is much smaller than the potassium cation (the ionic radii ofNa+ and 
K+ being 0.98 and 1.33 A respectively)^'^, the relative distortion of the lattice is less 
than that in 1 and 2. Lattice transformation upon crystallization also occurs in some 
compounds, e.g., in Li-HMT adducts^^ '^ ^" and compound 4, and the basic lattice is 
derived from a transformed body-centered lattice, but the general pattern of molecular 
packing is still retained. 
The HMT molecule plays an important role in the three-dimensional structure 
with respect to its versatile N-ligating geometries to metal ions as well as the capability 
of forming donor-hydrogen bonds with other species in the lattice, serving not only as 
a fundamental building unit but also a principle contributor to stabilize the resulting 
supramolecular framework. In our research，all HMT molecules, except the protonated 
HMT in compound 3，make full use of all four N atoms in either coordination or 
hydrogen bonding interactions in five basic interaction patterns (Figure 45). In most 
cases, two N atoms of the HMT molecule are involved in coordination with metal ions 
while the other two form donor hydrogen bonds with water molecules (Table 16)， 
whereas the non-ligating neutral HMT in compound 3 takes part in hydrogen bonding 
involving all four N lone pairs. In compound 6, HMT exhibits three N-ligating and one 
donor hydrogen bonding interactions, while in compound 7 the N atoms are involved 
in three hydrogen bonding and one coordination interactions. 
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M M M 
r y ^ p ^ N � p^N 
H2O"".2^N^;;;;;;^N�H2 H2O.._."2^N^;;;^N^M H2O...."2^�Nt;;;;^N�M 
/ / / H2O H2O M 
丫氏 M 
^ r7S 
H 2 0 . . . . # � N � 2 H . O , . t l ” N � M H2O 
Figure 45 Various interaction modes of N atoms of HMT: N ~ M indicates 
coordination to metal ion, and N~~OH2 indicates donor hydrogen bonding. 
Table 16 Various interaction patterns ofHMT in this research 
Compound Coordination Hydrogen bonding 
1 N ( 4 ) - K � 2.949(¾ N(5h)-0(2w) 2.731(3) 
N(7e)-K(l)3.016(2) N(6g)-0(2w) 2.965(3) 
2 N(4)-K(1) 3.053(5) N(6)-0(lwd) 2.796(8) 
N(5b)-K(l) 3.086(4) N(7)-0(2we) 2.925(8) 
3 N(21)-Na(2) 2.814(5) N(22)-0(5w) 2.705(9) 
Q)rotonated) N(23c)-Na(l) 2.753(5) 
3 N(31c)-0(2w)2.960(9) 
(neutral) N(32b)-0(lw) 2.788(9) 
Np3a>0(3w) 2.803(9) 
N(34d)-0(4w)2.861(9) 
4 N(14)-K(1) 2.964(4) N(16)-0(4wg) 2.781(6) 
(HMTi) N(15e)-K2(2) 2.882(3) N(17)-0(3wa0 2.789(6) 
4 N(24)-K(2) 2.966(4) N(25)-0(2wh) 2.853(6) 
(HMT2) N(27c)-K(3) 2.896(2) N(26)-0(lwe) 2.867(6) 
5 N(2)-0(lw) 2.96(1)* 
6 N(l)-Cd(l) 2.460(5) N(3d)-0(1) 2.78(1) 
N ( 2 ) - C d ( 2 ) 2 . 4 3 1 ( 7 ) 
N(la)-Cd(l) 2.460(5) 
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7 N(l)-Cd(l) 2.535(6) N(2b)-0(lw)2.81(l) 
N(3c)-0(2w) 2.79(1) 
N(4d)-0(2w) 2.99(1) 
8 N(l)-Cd(l) 2.415(6) N(2d)-0(2w) 2.90(6) 
N(4)-Cd(2a) 2.555(6) N(3e)-0(lw) 2.833(6) 
9 N(3)-Cd(l) 2.536(6) N(4e)-0(1) 2.84(1) 
N(3a)-Cd(l) 2.536(6) N(4c)-0(1) 2.84(1) 
10 N(1 l)-Co(l) 2.346(2) N(12e)-0(2) 2.783(3) 
N(lla)-Co(l) 2.346(2) N(12b)-0(2) 2.783(3) 
* Four N atoms are equivalent in compound 5. 
In compound 5, the hexacyanoferrates are enclosed in the three-dimensional 
framework formed via hydrogen bonding and stabilized by crystal lattice force (or van 
der Waals interaction), whereas in compounds 1 � 4 , the hydrated cation cluster acts as 
a binding group, through which the hexacyanoferrates and HMT molecules are 
interconnected to form a three-dimensional supramolecular framework. The cyano 
group of hexacyanoferrate coordinates with alkali or alkaline-earth metal in either the 
terminal or end-on-bridge mode e.g., N(12) in compound 4. 
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